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We have designed and constructed an atom chip experiment for background free, high-
resolution atom detection using a two-photon transition. The chip consists of an atomic
conveyor belt, which allows deterministic positioning of the atom cloud. The work
emphasises on the application of an atomic conveyor belt in order to move the ultracold
atoms precisely in a plane parallel to the surface of the chip and bring it near to a micro-
optics for detection and manipulation using a two-photon transition.
A two-photon transition scheme for the Rubidium (Rb) 5S1/2 to 4D5/2 at 1033.3
nm is spectroscopically observed for the first time, which can be used for the detection
and manipulation of the ultracold atoms. This transition could be used as a frequency
standard for fiber lasers, creation of far-red detuned dipole trap (off resonant from the
two-photon transition), for selective excitation of few atoms in a cloud (in the Rayleigh
volume) and for super-resolution imaging. Detection of the atoms would be background
free as excitation happens for 5S1/2 to 4D5/2 transition at 1033.3 nm and atom decays
back to the ground state via 5P3/2 level, emitting photon of the wavelength 780.2 nm.
x
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Progress in science and technology over the last decades has shown that miniaturization
and integration can lead to robust applications of fundamental physics, be it the minia-
turization of electronics by integrated circuit or in the optics in terms of micro-optical
devices and sensors. In atomic physics, the atom chip experiments based on neutral
atoms or ions are starting to realize a similar scalable quantum optical system.
An atom chip, at its most basic, is a substrate with micro-fabricated current carrying
conductors. Micro fabricated wires and electrodes, on an atom chip, generate magnetic
and electric fields that can be used to trap and manipulate neutral atoms. The concept
of creation of magnetic traps using micro-structured chips was proposed by Weinstein
et al. in 1995 [1]. There were development with discrete wires [2, 3, 4, 5, 6] and
permanent magnets [7, 8, 9, 10], but the first successful realization of a trap on an
atom chip was by Reichel et al. [11] and Folman et al. [12]. In their experiments, the
three-dimensional traps were created with a single conductor by bending the conductor
ends at right angles to form shapes like U or Z.
The advantage of using an atom chip over conventional cold atom experiments is
that very high trap frequencies can be achieved with a reasonably low current, which
makes it a suitable candidate for a portable system [13]. With complex conductor
structures on an atom chip, it is possible to create various trapping potentials, including
the periodic potentials. First steps in this direction were the splitting and merging of
atomic ensembles with complex conductor structures [14, 15, 16] and transporting the
atoms using atomic conveyor belt [17, 18, 19]. The atomic conveyor belt is important to
perform quantum information processing, atom interferometry experiments on the chip.
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It is also useful to precisely transport the cold atoms, trapped in an electromagnetic
potentials, near a surface structure to study the electromagnetic interactions between
the atoms and the surface structure in a chip-based systems [19].
The detection and manipulation of single or few atoms is one of the key interests
for the atomic physics community and a prerequisite for many quantum information
experiments [20, 21]. Miniaturization and integration of micro-optics on an atom chip
was a logical development towards this direction and was a key step forward towards
building a multifunctional portable device. Experimental advancement in this direc-
tion includes resonator aided single atom detection [22, 23], fiber resonator aided single
atom detection [24, 25, 26], and optical fiber based detection system [27, 28, 29], that
are integrated with atom chips. Fluorescence detection is preferred over the absorp-
tion imaging for single or few atoms detection as scattering from the probe beam can
be heavily suppressed by keeping the detector away from probe beam path1. Using
fluorescence imaging, single atoms can be detected very efficiently if the atoms remain
localized, as long integration times permit the collection of many fluorescence pho-
tons [31, 32]. However, this technique becomes less efficient when detecting the moving
atoms in a wave guide, due to short interaction time.
In the thesis, the building of a multifunctional device is outlined. Our device is con-
sisted of a simplified multi layer (14-layers) chip for trapping and transporting atoms,
as well as integrated with tapered lensed fiber for detection and manipulation. For the
other fiber based detection system [27, 28, 29], two fibers are used, one for the exci-
tation of the atoms using a beam (probe beam) and the other one for the fluorescence
collection. In our device, a single tapered lensed fiber is required for both the excita-
tion and the detection. A two-photon transition is proposed for this, as the excitation
wavelength is sufficiently different from the fluorescence wavelength. Therefore, a sin-
gle fiber can be used for both the purposes for sending a probe beam and fluorescence
collection. The fluorescence light can be separated using a standard interference filter,
which leads to a background free detection. We investigate, for the first time, a rubid-
ium two-photon transition 5S1/2 to 4D5/2 by fluorescence spectroscopy for the purpose
of the detection scheme. The added advantage of this two-photon transition is that the
1N photon has a photon shot-noise of Nnoise =
√
N . Using dark-ground absorption imaging, where
the probe beam is suppressed, as low as 7 atoms were detected [30].
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excitation wavelength is 1033.3 nm, which is far detuned from the Rb cooling transi-
tion. Thus, when the excitation laser is off-resonant to the transition, the laser beam
can also be used for optical lattices or dipole traps or both. Again, when the beam is
on-resonant to the transition, a highly focused beam can be used for highly localized,
non-linear excitation of the atoms, which would lead to cold atom implementations of
stimulated-emission-depletion (STED) fluorescence microscopy [33] to enhance optical
resolution of a cold atom cloud.
We demonstrate transportation of atoms using a multi layer (14-layers) chip, in a
plane parallel to the surface of the atom chip and to the location of the tapered lensed
fiber. We have observed a rubidium two-photon transition 5S1/2 to 4D5/2 by fluores-
cence spectroscopy and we measure the hyperfine energy splittings. The spectroscopy
is also used to lock the 1033.3 nm laser successfully, which enables the future detection
and manipulation of atoms using an integrated tapered lensed fiber on the atom chip.
1.1 Thesis outline
This thesis describes how I built a multifunctional atom chip experiment from scratch.
For this description, I have also gone through some known theory about atomic physics
and optics. A detailed outline of my thesis is provided below.
Chapter 2 : All the relevant theory of the laser cooling and trapping of neutral atoms
are briefly described in this Chapter. This is useful to understand the cooling
processes that occur in our atom chip experiment in order to pre-cool the atoms to
transfer to a magnetic trap. A brief outline of the optical dipole trap is discussed
here to do a feasibility study of the far red-detuned dipole atom trap, using an
off-resonant laser (1033nm) to the two-photon transition, focused by a tapered
lensed fiber mounted on the chip. It is followed by the theory of basic atom chip
wire trap configurations to produce quadrupole and Ioffe-Pritchard traps.
Chapter 3 : In this Chapter, the basic building blocks of our cold atom experiment
starting from lasers, atom chip, base chip (conveyor belt), integration of micro-
optics on chip, vacuum chamber, magnetic coils, imaging system, electronic con-
trol and mirror magneto-optical trap setup are described. A detailed character-
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ization of the novel multi-layer compound atom chip with integrated magnetic
conveyor belt wire structures is also discussed.
Chapter 4 : Here, we describe the techniques to cool the atoms, load them in an atom
chip magnetic trap and transfer them using a multi-layer compound atom chip
designed by our group. The atoms are transported in front of the micro-optics for
the future interaction using a two-photon transition. The detailed optimization
and characterization process for the cold atom transportation is also explained.
Chapter 5 : The basics of the two-photon transition is described, in this Chapter.
We calculate the two-photon transition probability of Rubidium (Rb) for different
excited states and do a feasibility study for rubidium 5S1/2 to 4D5/2 two-photon
transition scheme.
Chapter 6 : Here, we discuss the experimental setup for our two-photon transition
spectroscopy. It is followed by the findings of the rubidium 5S1/2 to 4D5/2 two-
photon transitions, where we measure the hyperfine energy splittings. The spec-
troscopy of this two-photon transitions are done for the first time according to
our knowledge.
Chapter 7 : Finally, a conclusion of this thesis and an outlook on future experiments
are provided in this Chapter.
4
Chapter 2
Theory of cooling and trapping of
atoms on an atom chip
The physics principles involved in laser cooling and trapping are essential for under-
standing atom chip experiments. All the theory of laser cooling and trapping described
in this Chapter are useful to understand the cooling processes that occur in our ex-
periment in order to pre-cool the atoms to transfer in a magnetic trap. The theory of
laser cooling and trapping has been well developed since the 1980s, and the detailed
description can be found in the references [34, 35, 36, 37, 38, 39, 40, 41]. Later, in this
Chapter, a brief outline of the optical dipole trap is discussed in order to do a feasibil-
ity study of the far red-detuned dipole atom trap, using an off-resonant laser (1033nm)
to the two-photon transition, focused by a tapered lensed fiber mounted on the chip.
The details of the two-photon transition is provided in this Chapter 5 and 6. It is
followed by the theory of the atom chip’s basic wire trap configurations to produce
quadrupole and Ioffe-Pritchard trap. These traps are used to create Mirror-Magneto-
Optical Trap (MMOT) and Magnetic Trap (MT), to cool and store the atoms.
2.1 Laser cooling and trapping
The laser cooling and trapping rely on the interaction of the atoms with the laser light
field. The light field exerts a controllable force on the atoms. The force exerted on
atoms by the light can be split into two categories.
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• The optical dipole force arrises from the light shifts of the ground and excited
states. The light shift is dependent on the strength of the electrical field. This
is a dispersive force, which is proportional to the amplitude gradient of the Rabi
frequency and the real component of the atomic dipole. This is the force which
can trap an atom in the focus of a laser beam. It is conservative and therefore
can be represented by a potential.
• The scattering force arrises from the absorption of the light by the atom, followed
by a spontaneous emission of photon. This is a dissipative force because the
reverse of the spontaneous emission is not possible, so the action of the force on
atoms can’t be reversed. The scattering or radiation pressure force is proportional
to the phase gradient of the Rabi frequency and the imaginary component of the
atomic dipole. This force is responsible for the cooling and trapping described in
the following Section.
2.1.1 Laser cooling
The primary force used in the laser cooling is the scattering force. For each photon that
a ground-state atom absorbs, it is slowed by the recoil velocity vrec = ~k/m, where, k
is the wave vector of the radiation has a magnitude k = ω/c = 2pi/λ, m is the mass
of the atom, ~ = h/2pi, where h is the Planck constant. The atom must return to
the ground state by emitting a photon, in order to absorb again. The atom from the
excited state decays by spontaneous emission in time τ = 1/Γ, where Γ is the natural
linewidth of the transition. The photons are emitted in random directions, but with a
symmetric average distribution. So their contribution towards the momentum of the
atom averages to zero. For a single photon absorption the velocity of an atom reduces
from v to v − ~k/m. Absorbing multiple photons by the above mentioned process, the
velocity of the atom will reduce, and they will become cold. There are two problems
in this cooling process: availability of the closed cooling cycle and the Doppler shift.
These can prevent the cooling process. The details about these problems for alkali
atoms, specifically for rubidium, are discussed in the following Section.
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Figure 2.1: The optical pumping process preventing cycling cooling transitions in 87Rb
and use of a repumping laser to allow many absorption-emission cycles, required for
laser cooling. The dashed black lines represent the spontaneous decay.
2.1.2 Laser cooling for alkali atoms
Most alkali atoms are not a two-level atom, but have ground hyperfine levels. For
87Rb it has two ground hyperfine levels 52S1/2, F = 2 and F = 1. A requirement of laser
cooling is that the system should have a closed (or almost closed) transition such that
the atoms remain in the cooling cycle. The hyperfine ground state 52S1/2, F = 2 to the
hyperfine excited state 52P3/2, F
′= 3 transition is used for the cyclic cooling purpose.
However, it is possible to excite, with low probability, the 52S1/2, F = 2 to the 5
2P3/2,
F′= 2 transition. From the 52P3/2, F′= 2 excited state, the atom can decay into the
52S1/2, F = 1 ground state. If the atoms decay into the 5
2S1/2, F = 1 ground state, the
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atom will become inaccessible to the cooling laser which excite the atoms from 52S1/2,
F = 2 to the excited state 52P3/2, F
′= 3 transition. Thus, the cooling cycle essentially
stops absorption of photon after a while, as all the atoms are accumulated in the other
ground hyperfine state 52S1/2, F = 1. The laser excitation stops as the linewidths of
the transition and of the laser are much smaller than the separation between the two
ground hyperfine states. To continue the cooling process a repumping laser is required,
which transfers the atoms from non-resonant hyperfine ground state 52S1/2, F = 1,
to the resonant hyperfine ground state 52S1/2, F = 2 with respect to the cooling laser.
Figure 2.1 shows that the hyperfine levels for 87Rb D2 transitions. The transitions used
for the cooling and the repumping are highlighted in purple and yellow respectively.
Thus we overcome the problem with the availability of the closed cooling transition.
In the next Section we discuss the other problem related to the cooling process, the
Doppler shifts, that can prevent the cooling process.
2.1.3 Doppler cooling
Using the repumper laser, the cooling cycle continues, but another problem becomes
apparent: the Doppler shift. In order for the laser light to be resonantly absorbed by a
counter-propagating atom moving with a velocity v, the frequency ω of the laser must
be kv lower, than the resonant frequency for an atom at rest. The natural linewidth (Γ)
of 87Rb is 2pi×6.06 MHz [42] for 52S1/2 to 52P3/2, D2 transition. A change in velocity,
also called capture velocity (vc ≡ Γ/k = Γλ/2pi), of 4.6 m/s gives a Doppler shift equal
to natural linewidth. The recoil velocity of 87Rb is 0.61 cm/s. So, after absorption of
vc/vrec ≈ 750 photons, the atom is out of resonance. As a consequence, the rate of
absorption is significantly reduced. As the atom repeatedly absorbs photons, it slows
down as desired and the Doppler shift changes. Gradually, the atom goes out of the
resonance with the light. As a result of Doppler shift, only atoms with a certain velocity
are resonant with the laser and only that velocity class of atoms is slowed.






∆2 + Ω2/2 + Γ2/4
. (2.1)
The frequency detuning from resonance ∆ = ω − ω0 equals to the difference between
the laser frequency ω and the atomic resonance frequency ω0. The Rabi frequency and
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the saturation intensity are related by I/Is = 2Ω
2/Γ2. Taking into account the Doppler





1 + I/Is + 4[(∆− kv)/Γ]2 (2.2)
where, Γ is the natural linewidth, ∆ is the detuning from the resonance atomic tran-
sition, I is the laser intensity. Is is the saturation intensity and written as Is =
(2pi2~Γc)/(3λ3), where, λ is the wavelength of the laser, ~ = h/2pi, where h is the
Planck constant, c is the speed of light. The magnitude of this scattering force equals
the rate at which the absorbed photons impart momentum to the atom, which is,
Fsc = (photon momentum)× (scattering rate). (2.3)





1 + I/Is + 4[(∆− kv)/Γ]2 . (2.4)
At low intensity Fsc ∝ I. As I → ∞, the scattering force saturates to Fmax = ~kΓ/2.
The rate of spontaneous emission, from two-level atoms, tends to Γ/2 at high intensities
because the populations in both the ground and the excited state approach 1/2.





where, kB is the Boltzmann constant. It corresponds to the limit of certain laser cooling
process, and is often called Doppler limit. The temperature is only governed by the
linewidth of the cooling transition and not any other properties of the atom.
In this section, we have considered a simplified case where an atom is moving
towards a laser beam from the counter-propagating direction. In the next section, we
consider an atom with a certain velocity is placed in between two counter-propagating
beams, and then extend this one-dimensional model to a 3-D counter-propagating beam
configuration.
2.1.4 Doppler cooling in the optical molasses
An one-dimensional (1-D) optical molasses (OM) can be produced using two counter-
propagating beams. The beams are red detuned, i.e., ∆ = −|∆| < 0, in frequency
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from the atomic transition. Let us consider the atoms are moving in z direction with a
velocity ~v, then due to the Doppler shift the frequency detuning in the moving reference
frame of the atoms given by,
∆→ ∆∓ kv. (2.6)






1 + I/Is + 4[(∆∓ kv)/Γ]2 , (2.7)
where, ± represents the propagating directions of the beams. The net damping force
arising from the 1-D optical molasses can be written as,
~FOM ∼= ~F+ + ~F− ≡ −β~v. (2.8)







Γ[1 + (I/Is) + 4(∆/Γ)2]2
. (2.9)
This 1-D model can easily be extended to a 3-D counter-propagating beam configu-
ration, for a 3-D optical molasses. For Rb atom, the Doppler temperature is around
145 µK. This temperature corresponds to the one-dimensional (1-D) Doppler velocity
vD =
√
kBTD/m ∼ 12cm/s. The first three-dimensional (3-D) Doppler cooling was
performed by Chu et al. [44] in 1985.
In the following section, we extend this discussion further to explain how it is
possible to cool the atoms below Doppler cooling limit.
2.1.5 Sub-Doppler cooling in the optical molasses
After Chu et al. [44], Lett et al. [45] in 1988 were measuring the temperature of
the Sodium (Na) atoms after 3-D laser cooling ballistically. They have found that the
temperature was 10 times lower than Doppler temperature. This breaching of temper-
ature from the Doppler limit pushed the development of the new theory of Polarization
Gradient Cooling (PGC) [46, 47]. A two-level atomic structure is inadequate to explain
this theory. These mechanisms are based on laser polarization gradient and work at low
laser power (Ω  Γ), when the optical pumping time between different ground state
sublevels becomes long. The timescale for optical pumping is typically several natural
lifetimes.
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The multi-level nature of atoms allows optical pumping between different light-
shifted ground-state Zeeman sublevels. This results into population transfer between
the ground-state Zeeman sublevels through absorption/spontaneous emission cycles.
There are two different ways to create the polarization gradients in the optical field for
two counter-propagating waves: a lin⊥ lin, orthogonal linear polarization configuration
or a σ+ − σ−, orthogonal circular polarization configuration. In the first case, the
light shifts of the ground-state Zeeman sublevels are spatially modulated over sub-
wavelength distance and optical pumping among them leads to dipole forces and to a
Sisyphus effect. In the second case, σ+−σ− configuration, the cooling mechanism is very
different. Even at very low velocity, atomic motion produces a population difference
among ground-state sublevels, which gives rise to unbalanced radiation pressures. The
unbalanced radiation pressures produces a damping force on the atoms, opposite to
their motion depending on the differential scattering of light from the two laser beams.
This damping force is able to cool atoms below the Doppler limit because it is caused
by the population imbalance of ground-state Zeeman sub levels rather than a Doppler
shift.
PGC with σ+ − σ− configuration is one such sub-Doppler cooling technique we
use in our laboratory. For 87Rb D2 transition, 52S1/2, F = 2 ground state to 5
2P3/2
F = 3 hyperfine excited state, the PGC schematic is shown in Figure 2.2 [48]. The
two counter-propagating beams are red-detuned with respect to the atoms at rest, i.e.,
~v = 0. There is no change in the population difference, hence no radiation pressure
exerted Figure 2.2 (b). Let us consider that the atoms are moving towards the σ+
beam, i.e., ~v > 0, so due to the Doppler shift, the σ+ beam is closer to the cooling
transition. Due to the optical pumping effect, there is a population transfer from
MF = −2 to MF = 2 ground states, resulting in more atoms in MF = 2 ground state.
This population difference makes atoms absorb more photons from the σ+ beam than
the σ− beam. This results in a net damping force along the σ+ propagation direction,
i.e., F < 0 as shown in Figure 2.2 (c). Similarly, the atoms are moving with ~v < 0 get a
net force F > 0 as shown in Figure 2.2 (d). Therefore, the atoms feel a damping force
opposite to their motion depending on the differential scattering of light from the two
laser beams. This damping force is able to cool atoms below the Doppler limit because
it is caused by the population imbalance of ground-state Zeeman sub levels rather than
a Doppler shift.
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(b) v= 0, F= 0
(c) v> 0, F< 0
(d) v< 0, F> 0 
Figure 2.2: One-dimensional schematic of polarization gradient cooling. (a) An atom is
moving with velocity ~v in presence of two counter-propagating laser beams with σ+−σ−
polarizations. (b) At v = 0, F = 0, i.e., for rest atoms there is no damping force on
atoms. (c) At v > 0, F < 0, i.e., for atoms moving toward the σ+ beam, net damping
force along the σ+ propagation direction. Due to the optical pumping, population is
transferred from MF = −2 to MF = 2. (d) At v < 0, F > 0, i.e., for atoms moving
toward the σ− beam, net damping force along the σ− propagation direction. Due to
the optical pumping, population is transferred from MF = 2 to MF = −2.
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2.1 Laser cooling and trapping
The cooling of atoms below the Doppler limit is explained in this Section and we
have also learnt about the cooling process using the scattering or dissipative force. In
the next Section, it will be discussed how it is possible to not only cool the atoms but
also to trap them simultaneously, in a Magneto-optical trap.
2.1.6 Magneto-optical trap
The Magneto-Optical Trap (MOT) is the most widely used trap for neutral atoms.
Since its inception in 1987 by Raab et al. [49] the MOT has become a very common
tool in atomic physics experiments due to its versatility and robustness. There are
some detailed study on MOT [50, 51, 52, 53, 54].
The damping force of the optical molasses provides a Doppler cooling mechanism.
However, to trap atoms, there must be a position-dependent restoration force. Trapping
in a MOT works by optical pumping of slowly moving atoms in a linearly inhomogeneous
magnetic field B = B(z) ≡ Az formed by a magnetic quadrupole field. The magnetic
quadrupole field is generated using two coils in anti-Helmholtz configuration, i.e., the
current is flowing in the opposite directions, the magnitude of the field is zero at the
centre of this trap, and increases in all directions as,
B = A
√
ρ2 + 4z2, (2.10)
where, ρ2 ≡ x2 + y2, and the field gradient A is constant. In presence of the inhomo-
geneous magnetic field, the Doppler shift in Equation 2.6 modifies to,
∆→ ∆∓ kv ± µ′B(z)/~, (2.11)
where, µ′ ≡ (geMe−ggMg)µB is the effective magnetic moment, µB is the Bohr magne-
ton, subscripts g and e refer to the ground and excited states, gg,e is the Lande´ g-factor,
and Mg,e are the magnetic quantum number.





1 + I/Is + 4[(∆∓ kv ± µ′B(z)/~)/Γ]2 . (2.12)
The net force from the two counter-propagating beams becomes,
~FMOT ∼= ~F+ + ~F− ≡ −β~v − κ~z, (2.13)
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Figure 2.3: (a) A standard six-beam MOT configuration. (b) Energy level splitting of
the excited state and crossing due to the Zeeman shift at a linear magnetic field. Mg,e
are the magnetic quantum numbers, where, subscripts g and e refer to the ground and
excited states.









The force ~FMOT of Equation 2.13 leads to damped harmonic motion of the atoms,
where the damping rate is given by ΓMOT = β/m and the oscillation frequency ωMOT =√
κ/m.
A standard six-beam MOT configuration is shown in Figure 2.3 (a). It consists
of an anti-Helmhotz coil pair to provide quadrupole field and six red-detuned laser
beams. This provides the 3-D cooling and trapping of atoms. Let us consider a simple
atomic transition scheme of Jg = 0 to Je = 1, where, subscripts g and e refer to
the ground and excited states. Je = 1 excited state has three Zeeman components
in an inhomogeneous magnetic field, excited by the circular polarisation as shown in
14
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Figure 2.3 (b). At z = z1, atoms are closer to resonance with σ
− beam, than the σ+
beam, and are pushed towards the centre of the trap. At z = z2, similarly atoms are
closed to the σ+ beam, and again this drives the atoms towards the centre. Here the
force is position dependent. As the laser light is detuned below the atomic resonance
in both cases, compression and cooling of the atoms is obtained simultaneously in
the MOT. The above 1-D explanation is applied to the 3-D, standard six-beam MOT
configuration with complex atomic energy structure.
Unlike a MOT, where the trap is created by the magnetic field, a pure optical trap
can be created exploiting the dispersive force arises from the atom-light interaction.
Now, we will briefly discuss an optical trap, called the dipole trap.
2.2 Dipole trapping
In the previous Subsection 2.1.1 we have discussed cooling and trapping of atoms using
the dissipative force. In this Subsection, we will discuss the dispersive force due to
atom-light interaction. This is the basis for dipole trapping experiments. A detailed
discussion on optical dipole traps is provided in the article by Grimm et al. [55].
Let us consider that an atom is placed in a laser beam. The electric field of an elec-
tromagnetic radiation induces an atomic dipole moment that oscillates at the driving
frequency. Optical dipole traps depend on the electric dipole interaction with far-
detuned light. This is much weaker than all mechanisms discussed above using the
dissipative force. Typical trap depths for dipole traps are in the range of one mil-
likelvin. The optical excitation is kept extremely low, such that the trap is not limited
by the light-induced mechanisms present in radiation pressure traps. The trapping
mechanism is independent of the particular sub-level of the electronic ground state, for
some appropriate conditions. The internal ground state dynamics can thus be fully
exploited for experiments. This is possible on a time scale of many seconds. Different
trapping geometries can be realized, e.g., highly anisotropic or multi-well potentials.
There are two different types of dipole traps as below.
• Red detuned dipole traps: This is called a red detuned dipole trap as the fre-
quency of the laser light used for trapping atoms is lower than the transition
frequency (∆ < 0). The dipole force points towards increasing intensity and
atoms are pushed to the high intensity region. Thus a focused laser beam can
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produce a stable dipole trap for atoms, as first proposed by Ashkin (1978) [56]
and later realized by Chu et al. in 1986 [57]. Attainable trap depths in a tightly
focused red-detuned beam are typically in the millikelvin range, which is orders
of magnitude smaller than the thermal energy of room temperature atoms. Thus,
the trapping forces generated by intense focused lasers are rather feeble to cool
and trap thermal neutral atoms in a dipole traps. Therefore, the thermal atoms
are first laser cooled and then transferred into a dipole trap.
• Blue detuned dipole traps: This is called a blue detuned dipole trap as the fre-
quency of the laser light used for trapping atoms is higher than the transition
frequency (∆ > 0). The laser light acts repulsively on the atoms, so the atoms
are pushed to the low intensity region. The basic idea of a blue-detuned dipole
trap is thus to surround a spatial region with repulsive laser light, e.g., a hollow
laser beam (Laguerre-Gaussian mode). This kind of trap is little more compli-
cated than the red-detuned ones, but offers great advantage of atom storage in a
dark place with low influence of the trapping light. Storage of atoms in a dark
place minimizes unwanted effects like light shifts of the atomic levels, photon
scattering, and light-assisted collisional losses etc. In such blue detuned traps,
atoms can be confined to regions of low intensity allowing long coherence times
to be observed [58].
2.2.1 Dipole potential and scattering rate for multi-level alkali atoms
The effect of far-detuned laser light on the atomic levels can be considered as a second
order perturbation in the electric field, i.e., linear in terms of the field intensity. Us-
ing second-order time-independent perturbation theory for non-degenerate states, an





εi − εj , (2.15)
where, εi is the unperturbed energy and the Hamiltonian is H1 = −pˆ · ~E. The electric
dipole moment pˆ = −e~r, where, e is the charge of electron and ~r is the displacement
vector pointing from the negative charge to the positive charge. ~E is the electric field
of an electromagnetic radiation.
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where, c2ij relevant line strength and ∆ij the detuning. Sum over j implies that one
has to sum up the contributions of all the relevant coupled excited states.
Using Equation 2.16, for alkali atoms when the optical detuning is larger than the












where, gF is the Lande´ g-factor, P is the laser polarization: P = 0,±1 for pi and σ±
polarized lights respectively. The detuning ∆2,F and ∆1,F refer to the energy splitting
between the ground state 2S1/2, F and the centre of the hyperfine splitting of the excited
states 2P3/2 and
2P1/2 respectively. Thus the two terms in the bracket represent the
contributions of the D2 and the D1 line to the total dipole potential.
The optical dipole trap depth in terms of temperature is given by,
Utemp(~r) = Udip(~r)/kB, (2.18)
where, kB is the Boltzmann constant.












2.2.2 Feasibility study of a dipole trap using an off-resonant 1033.3
nm laser to the Rb 5S1/2 to 4D5/2 two-photon transition
We use the Equations 2.16, 2.18, and 2.19 to calculate the stark shift, dipole trap
depth in terms of temperature and to calculate the scattering rate. For a Gaussian
beam propagating in free space, the spot size w(z) will have a minimum value w0 at
one place along the beam axis, known as the beam waist. At a distance z, for a beam
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where, zR = (piw
2
0)/λ is called the Rayleigh range/length. For a focused beam, at a
distance equal to the Rayleigh range (zR) from the waist, the width w of the beam
is given by w(±zR) =
√
2w0. Here, we do a feasibility study of a red-detuned dipole
trap with a focused 1033.3 nm laser and present the results in the Table 2.1. In the
first column various waists are considered, and the power is chosen such that around 1









12, 1 1.0 9 23
300, 5 1.0 9 23
1200, 10 1.0 9 23
7000, 25 1.0 9 21
Table 2.1: Feasibility study of red-deutned dipole trap with 1033.3 nm laser.
10 to 300 mW of power, we can trap atoms in a far red-detuned dipole trap of 1033
nm for small beam waist like 1 to 5 µm. This kind of spot size is available from a
tapered lensed fiber. This feasibility study is important as we want to experimentally
implement it in our experiment in future. This particular wavelength is of interest as
this wavelength corresponds to the two-photon transition wavelength of Rb 5S1/2 to
4D5/2 and also for 5S1/2 to 4D3/2. A detailed discussion about two-photon transition
can be found in the Chapters 5 and 6.
The required theoretical background for laser cooling and trapping was discussed
so far. Now we will go through the theory of an atom chip, where we will discuss the
magnetic trap.
2.3 Theory of atom chip
An atom chip, at its most basic, is a substrate with micro-fabricated current carrying
conductors. Running current through this conductors creates tightly confining Mag-
netic Traps (MT) for ultracold neutral atoms. A detailed review on atom chips with
special emphasis on wire-based magnetic traps can be found in the book and the arti-
cles [59, 60, 61, 62, 63]. There are several other trapping and manipulation techniques
that have added to this, such as permanent magnet traps [64, 65, 66, 67], traps using
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combined magneto- and electrostatic fields [68], traps based on time-varying electric
fields [69], superconducting wires [70, 71], and on-chip optics [72]. In this Chapter, we
discuss the fundamental concepts of the atom chips, which includes the principles of
magnetic trapping of neutral atoms and the basic wire trap configurations [63] used in
our experiment.
2.3.1 Magnetic trapping of neutral atoms
Magnetic trapping is based on the interaction between neutral atoms and the magnetic
field. The interaction energy between a neutral atom and a magnetic field is much
weaker than the thermal energy of the atom at room temperature. Hence the atoms
are required to be cooled before they are magnetically trapped. Magnetic trapping is
dependent on the interaction of the magnetic moment ~µ of a particle with an external
magnetic field ~B. The interaction potential is given by,
V (~r) = −~µ · ~B(~r) = −µB(~r) cos θ. (2.21)
Classically, θ is the angle between the magnetic moment and a magnetic field. Quan-
tum mechanically, for the Zeeman energy levels of a neutral atom the total angular
momentum is ~F and the corresponding magnetic moment is ~µ = −µBgF ~F and thus
the interaction potential is,
E(F,mF ) = −~µ · ~B(~r) = µB gF ~F · ~B(~r) ≈ µB gF mF | ~B(~r)|, (2.22)
where, µB is the Bohr magneton, gF is the Lande´ g-factor, mF is the magnetic quantum
number related to the projection of ~F along the direction of magnetic field ~B. For the
quantum mechanical treatment, the classical term cos θ is replaced by the discrete
values of mF /F . For the quantum mechanical treatment the atom remains in a state
with constant mF . In an inhomogeneous magnetic field ~B(~r), the atom still remains
in a state with constant mF if the precessing spin can adiabatically follow the local
direction of the magnetic field. Equation 2.22 describes for the state |F,mF 〉, the
effective magnetic field potential energy only depends on the magnitude of the field
B(~r) = | ~B(~r)|.
Depending on the sign of gF mF , the particle experiences a magnetic force, either
towards the minima of the field or to the maxima of the field. For gF mF > 0, called a
weak-field seeking state, the particles are attracted towards the magnetic field minimum
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and gF mF < 0, called a strong-field seeking state, the particles are attracted towards
the magnetic field maximum. Maxwell’s equations (Earnshaw Theorem) do not allow
a local magnetic field maximum in free space [73, 74], so only the weak-field seeking
states can be trapped with the static magnetic fields. For magnetic trapping, the
strong-field seeking states are optically pumped to the low-field seeking state during
state preparation. Atoms with gFmF = 0 are not influenced by the magnetic field to
lowest order. This is the basic description of a MT. It is now important to understand
how the atoms could be lost from a MT.
2.3.2 Majorana spin flips
As explained above the static magnetic traps can only confine the weak-field seeking
states. If the atoms make a transition to a strong-field seeking state, or to a state with
mF = 0 the atoms will be lost from the trap. The motion of the atoms inside the trap
can induce transitions to the magnetically untrappable states. A moving atom sees a
field which is changing both in amplitude and direction. The trap is stable only if the
magnetic moment of the atom adiabatically follows the direction of the magnetic field.
In both classical and quantum mechanics, the magnetic moment of atom adiabatically
follows the direction of the magnetic field, if the direction of the field changes slowly in




<< ωL = gFmF | ~B|/~, (2.23)
where, ωtrap is the trap frequency and the Larmor precession frequency is ωL. The
condition in Equation 2.23 is violated in regions of zero magnetic field strength. Atoms
entering the zero magnetic field crossing, in the absence of guiding magnetic field di-
rection, have no field direction to follow. The zero magnetic-field crossing results in a
trap loss due to spin flips initiated by small magnetic field fluctuation or magnetic field
noise. These transitions were first studied in a one dimensional time-dependent model
by Majorana [75] in 1932 and are often called Majorana spin flips transitions. These
losses increase with decreasing temperature T of the atomic sample and the loss scales
like T−2 [76, 77].
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2.3.3 Quadrupole and Ioffe-Pritchard traps
We are interested in two types of static magnetic traps [78]:
• Traps with zero magnetic field minimum, called quadrupole traps. These traps
provide linear confinement.
• Traps with finite magnetic field minimum, called Ioffe-Pritchard (IP) traps. These
traps provide quadratic confinement. A quadratic trap is the lowest-order trap
that can have a non-vanishing field at the trap bottom. Adding a bias field to a
three-dimensional linear, quadrupole, trap one can shift the location of the zero
crossing but it can’t be removed.
2.3.3.1 Quadrupole trap
In a quadrupole trap, the minimum is a zero crossing of the magnetic field. The
magnetic field around the minimum is dependent on the field gradients and expressed
as (to satisfy Maxwell’s equation ~∇ · ~B = 0),
~B = B′(xeˆx + yeˆy − 2zeˆz), (2.24)
where, the field gradient is given by B′. In the cartesian coordinate system eˆx,y,z are
the vectors along the main axes of the quadrupole.
Atoms in a quadrupole trap suffer from Majorana spin flips at the trap minima
B = 0. We can consider as if there is a hole at the bottom of the trap, from where the
atoms are leaked out of the trap. However, quadrupole traps are useful for ensembles
of relatively hot atoms, as the atoms spend most of their time far away from the hole
in the trap bottom where Majorana losses occur. Quadrupole fields are used for the
magneto-optical trap, which is a very robust trap.
2.3.3.2 Ioffe-Pritchard Traps
The Ioffe-Pritchard (IP) trap provides the lowest-order trap which can have a non-zero
magnetic field in the minimum. In the simplest, axially symmetric case, the trapping
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where the x-axis is the longitudinal symmetry axis and the y−z plane is the transverse
plane.
Around the trap center, the magnetic field modulus to second order is given by,













(y2 + z2) (2.26)
For cold atom experiments, the magnetic potential is well approximated by an


























where, µ = µBgFmF is the magnetic moment, m is the mass of the atom, ωx and ω⊥
are the trap frequencies along the axial and radial direction respectively. For typical
Ioffee traps the radial frequency is larger than the axial frequency resulting in a cigar-
shaped atomic cloud. The loss rate in the Ioffe trap due to spin flips scales like Γloss ∼
ω⊥exp(−ωL/ω⊥)., where ωL is the Larmor frequency. A typical value of the field
strength at the trap minimum is around 1 G corresponding to a Larmor frequency of
2pi × 700 kHz in the case of 87Rb in the F = 2 state. Thus, trap frequencies can be
several tens of kHz without losing atoms due to Majorana spin flips.
Some general properties of magnetic traps are discussed in the next Section.
2.3.4 Some general properties of magnetic traps
2.3.4.1 Trap Depth
The depth of a trap defines the maximum temperature of a thermal atomic ensemble
that can be stored inside the trap. In general, the trap depth should be large compared
to the mean atomic energy. Neglecting gravity, this leads to the condition
Vmax = |µBmax| > ηkBT. (2.29)
The value of η = 5 − 7 is required in order to store a thermal cloud inside the trap
without boiling out of the trap.
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2.3.4.2 Compensation for gravity
The restoring force in a magnetic trap F ∝ B′ along the vertical axis. The minimum





For 87Rb, F = 2, mF=2 state, the minimum field gradient required around 15 G/cm.
We have discussed the basic features of the quadrupole trap and Ioffe-Pritchard
magnetic traps. Using an atom chip the aim is to produce quadrupole and Ioffe-
Pritchard traps, which are described in the following section.
2.3.5 Basic wire traps
Using an atom chip the aim is to produce quadrupole and Ioffe-Pritchard traps, which
were described in the Section 2.3.3. Now, we will explain how these traps are made
using an atom chip.
An atom chip consists of lithographically fabricated conducting wires to generate
magnetic traps. The atom chip wire trap has two major advantages over the traditional
cold atom experimental trap:
• It provides very tight trap confinement with a nominal current of several Am-
pere. A tight trap confinement allows faster evaporation to achieve Bose-Einstein
Condensate (BEC) or to study one-dimensional (1-D) BEC.
• Many different types of trap, e.g., waveguides, beam splitters, and interferometers,
can be integrated into a small scale chip.
One disadvantage of an atom chip wire trap is that it provides a small capture
volume. So, a very careful and precise way of loading the atoms onto the chip traps
are required. Another disadvantage is that atoms are very close (∼ 10− 100µm) to the
chip wire, so they are very sensitive to the current noise of the conductor which leads
to the fragmentation in the ultra cold atom cloud [79, 80].
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Figure 2.4: (a) A simple wire trap, by combining the radial field of a straight wire with a
homogeneous bias field, providing a two-dimensional confinement. This is a waveguide
for neutral atoms formed at a distance r0 from a lithographically fabricated wire on
a chip. (b) This is a 2-D quadrupole potential. The position of the field minimum,
perpendicular to the wire, and the field gradient are shown. The position of the field
minimum moves away from the conductor with increasing current and with decreasing
bias field. Figure courtesy [81].
2.3.5.1 Wire Guide
One of the simplest form of MT is a wire guide. An infinitely thin wire carrying a


















where, r is the distance measured perpendicular to the wire axis.
The magnetic field from a long wire drops as 1/r. This field can be locally can-
celled by an external bias field (BBias). This field combination generates a magnetic
quadrupole guide as shown in Figure 2.4 [81]. The position of the guide is determined
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Figure 2.5: (a) An U-shaped wire forms a magnetic quadrupole field (B = 0 at min-
imum). These are good for magneto-optical traps. (b) A Z-shaped wire generates a
Ioffe-Pritchard trap (B > 0 at minimum). These are excellent for magnetic trapping.
Figure courtesy [81].
by Biot-Savart’s law. The fields cancel each other, forming a line of zero field at a
distance r0 from the wire and the field gradient is B













However, we need 3-D confinement to store the atoms. In the next Section we discuss
3-D traps produced by atom chip micro-wires.
2.3.5.2 Quadrupole U-trap and Ioffe-Pritchard Z-trap
Three-dimensional traps are created with a single conductor by bending the conductor
ends at right angles to form a shape like a U or Z. The magnetic guides are transformed
into magnetic traps by terminating the guide by adding endcaps to it. The parallel wires
both in the U and Z configuration act like endcaps. In both cases, a two-dimensional
quadrupole trap provides the transverse confinement created by the central part of
the wire in combination with the bias field. The axial confinement is provided by the
endcaps of the U and Z traps. An U shaped single wire, called U-wire, can create a
three-dimensional quadrupole trap, and a Z-shaped wire, called Z-wire can create a
Ioffe-Pritchard type trap as shown in Figure 2.5.
In the U-wire conductor, the current in the endcaps flows in the opposite direction.
The field generated by the endcaps cancels each other at the trap center. This results in
25

















Figure 2.6: (a) The dimple trap is formed using two crossed wires, which is also a Ioffe-
Pritchard trap (B > 0 at minimum). (b) The absolute magnetic field in the yz-plane
is shown as a function of x. A dimple inside a MT is clearly visible. (c) 3-D plot of a
dimple trap potential.
a three-dimensional quadrupole trap that has a zero-field crossing point. In the Z-wire
configuration, the currents flowing through the endcaps, are in the same direction. So
the generated magnetic fields add up and provide a resultant field perpendicular to the
endcaps. This resultant field shifts the trap to a non-zero minimum at the trap center.
Instead of a single wire bent like U or Z, using two wires crossing each other a
Ioffe-Pritchard type magnetic trap is created. This is called Dimple trap and explained
below.
2.3.5.3 Dimple trap
The dimple trap is formed using two crossed wires, which is also a Ioffe-Pritchard trap.
A conducting wire along y-direction intersecting the Z-wire at the centre of Z- Magnetic
Trap (Z-MT) as shown in Figure 2.6 (a). In Figure 2.6 (b) a 3-D dimple trap is shown,
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Figure 2.7: The schematic of mirror-magneto optical trap (MMOT). Figure courtesy
[81].
where, current is sent through both the dimple wire and the Z-wire. It creates a small
dimple in the bigger Z-MT. In Figure 2.6 (c) the absolute magnetic field in the yz-plane
is shown as a function of x. In the yz-plane, the trapping potentials are harmonic near
the trap center.
The dimple is created at the crossing of very thin wires (∼ 100µm), the volume of the
trap is dependent on the cross-section. This results in a smaller trapping volume, than
the Z-MT. The attainable trap depths for the dimple trap is typically several hundred
µK range, so, first the atoms are captured in a large volume Z-MT and transferred
adiabatically to the dimple trap. For the transfer, the current through the Z-wire and
bias magnetic field is ramped down and the current through the dimple wire and Ioffe
field is ramped up. In a pure dimple trap, the trap bottom is lifted above zero magnetic
field by providing a bias field (See Figure 4.6 (a)).
The various magnetic traps using atom chip conductors are discussed so far. An-
other important aspect of an atom chip experiment, the creation of a magneto-optical
trap using the reflecting surface of the atom chip is discussed next.
2.3.6 Atom chip mirror-magneto-optical trap
A six beam MOT configuration as described in Subsection 2.1.6 is not exactly feasible
as our atom chip is not transparent. In order to make a MOT with the quadrupole
field generated by a U-wire with an external bias field for an atom chip experiment, one
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needs to make the surface of the chip a metallic mirror surface. The metallic mirror,
upon reflection, changes the helicity of the beams, converting a σ+ polarized beam into
σ− polarization after reflection and vice versa. An atom chip Mirror-Magneto-Optical
Trap (MMOT) is shown in Figure 2.7 [81].
Two beams at 45◦ angle with opposite polarization according the quadrupole config-
uration are used. These two beams after reflection provide a four beam configuration
out of the required 6 MOT beams. The other two beams are along the trap wire,
not shown in the picture, i.e., along the x direction. Both the beams must have σ+
polarization due to the symmetry imposed by the magnetic quadrupole field .
Thus, using an U-wire a quadrupole trap and using a Z-wire a Ioffe-Pritchard trap
is created. We have also described the formation of a dimple trap. Exploiting these
principles, we create MOT and MT in our experiment using an atom chip.
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Chapter 3
Experimental setup for the
integrated micro-optics atom chip
In this Chapter, the basic building blocks of our cold atom experiment starting from
lasers, atom chip, base chip (conveyor belt), integration of micro-optics on chip, vac-
uum chamber, magnetic coils, imaging system, electronic control and Mirror Magneto-
Optical Trap (MMOT) setup are described. Rubidium (Rb) is chosen for our experiment
as the energy level structure is well studied [42] and the lasers for optical transitions are
easily available in the market. Rubidium has the atomic number 37. Natural rubidium
is a mixture of two isotopes: 85Rb, the only stable one, has a natural abundance of
72% with a nuclear spin I of 5/2. The remaining 28% is the slightly radioactive 87Rb
with a half-life of 49 billion years, with a nuclear spin I of 3/2. 87Rb isotope is chosen
for our experiment as it has a large positive scattering length that facilitates its cooling
by forced evaporation. The other isotope, 85Rb has a negative scattering length, which
hinders the evaporative cooling as well as the stability of the condensate [82].
3.1 Lasers
One of the most important components in building up any cold atom experiment is the
laser optical system. In each stage to cool, trap, manipulate and detect atoms, precise
and rapid control over the laser frequency and power is required. Trapping and Doppler
cooling of atoms are performed by a Magneto-Optical Trap and manipulation includes
sub-Doppler cooling and optical pumping. For detection of atoms, fluorescence imaging
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Figure 3.1: From the reference laser, transitions from 52S1/2, F = 2 ground state, the
cooling, imaging and optical pumping beams are derived. The repump beam, transition
from 52S1/2, F = 1 ground state, is derived form the repump laser.
is used by scattering near resonant light.
We use two lasers, called the reference laser and the repump laser to meet these
requirements. The cooling, imaging and optical pumping beams are derived from the
reference laser and the repump beam is derived from the repump laser as shown in
Figure 3.1. Acousto-optic modulators (AOM) are used for precise and rapid control




A reference laser is used to derive the cooling, imaging and optical pumping beams.
In order to do this, it is important to stabilize the laser frequency. Here, we explaine
how the reference laser is locked to the Rb frequency standard using a spectroscopy
technique. Then we describe how the reference laser beam is split in different arms for
the derivation of the cooling, imaging and optical pumping beams.
The reference laser is used to excite atoms from 87Rb D2 transition 52S1/2, F = 2
ground state to 52P3/2 hyperfine excited states. The reference laser is a commercially
available Toptica DL 100 Extended-Cavity grating-Diode Laser (ECDL), in Littrow
configuration [83]. The linewidth of the laser is around 2pi×300 kHz compared to
2pi×6.06 MHz [42] natural linewidth (Γ) for 52S1/2 to 52P3/2, 87Rb D2 transition. To
coherently probe an atomic transition, the linewidth of the lasers should be narrower
than the natural linewidth of the transition. The output power of the DL 100 is around
95 mW at 150 mA driver current. Typical mode-hop free tuning range is around 10
GHz. The layout of the reference laser is shown in Figure 3.2.
The light emitted from the laser diode has different divergence in the two different
orthogonal directions, horizontal and vertical, with respect to the propagation direction.
A cylindrical lens pair is used to shape the output laser beam from elliptical to circular.
The beam then passes through an optical isolator with 60dB isolation, to prevent any
optical feedback back to the laser diode. The output of the laser is divided into three
arms by using two Polarising Beam Splitter cubes (PBS), the arm 1, 2, and 3. The beam
at arm 2 is used for the spectroscopy. The spectroscopy beam makes a double pass
through a 106.5 MHz AOM-2 (AA Opto-Electronic MT110-A1-IR), +1 order, hence
upshifted by 213 MHz from laser frequency (νlaser) as shown in Figure 3.4.
The lasers is locked by using frequency modulated (FM) Doppler-free saturation-
absorption spectroscopy (SAS) locked at the strongest signal, F = 2 to F′= 2 - F′= 3
crossover transition [84, 85, 86]. A strong pump beam (600 µW) and a relatively weak
probe beam are required. The beams are aligned in a counter-propagating geometry
through a rubidium reference cell (Thorlabs. GC19075-RB). The pump beam saturates
the atomic transition, while the probe beam is used to measure the change in absorption
and phase shift acquired across the saturated atomic resonance. Frequency modulation
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To seed the BoosTA






























Figure 3.2: Reference laser optical setup. The beams at arm 1, arm 2, arm 4 and
arm 5 are used to derive optical pumping, spectroscopy, cooling and imaging respec-
tively. PD: photodetector; λ/n: λ/n wave plate; f: focal length of lens in mm; OI:
optical isolator; AOM: acusto-optic modulator; EOM: electro-optical modulator; PBS:


































Figure 3.3: (a) 87Rb, 85Rb D2 transition spectroscopy. 87Rb D2 line ground states are
6.8 GHz apart, whereas 85Rb D2 line ground states are 3 GHz apart. (b) Zoomed in
87Rb D2, F=2 spectroscopy signal. (c) Zoomed in 87Rb D2, F=1 spectroscopy signal.
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is applied to the light via an Electro-Optic-Modulator (EOM), Photonics EOM-01-12.5-
V, with a resonance frequency of 12.5 MHz. The modulated probe beam acquires a
phase shift when tuned across the atomic resonance and the phase shift is measured
with a fast photodetector (Femto HCA-S-200M-SI). The phase shift is converted into a
DC error signal by frequency demodulation. The error signal is passed through a digital
PID controller to provide feedback to the grating PZT to lock the frequency of the laser
over time. The spectroscopy signal of the reference laser is shown in Figure 3.3.
The beam at arm 3, as shown in Figure 3.2, passes through a double-path 207
MHz AOM-3 (AA Opto-Electronic MT200-A0.5-800), +1 order, and upshift the laser
frequency (νlaser) by 414 MHz, i.e., 68 MHz above 5
2P3/2, F
′= 3 hyperfine state as
shown in Figure 3.4. By virtue of the the double pass alignment, through the AOM-
3, the laser frequency (νlaser) can be upshifted anywhere in between 350 to 420 MHz,
without loosing the coupling to the fiber seeding a tapered amplifier (TA) in arm 4.
This is crucial for different laser cooling stages, e.g., MOT, compressed MOT (CMOT),
and Polarization Gradient Cooling (PGC). The beam at arm 1 and arm 5 is used to
derive the optical pumping and imaging beam respectively, and the details are discussed
later in this Chapter.
In this way the reference laser is locked to a Rb frequency standard and the reference
laser beam is split for the preparation of cooling, imaging, and optical pumping beams.
3.1.2 Cooling beam and Tapered Amplifier (TA)
The cooling beam is used to cool the atoms by Doppler cooling. We can also perform
sub-Doppler cooling, by choosing the right polarization of the beam. The frequency
and the power of the cooling beam is crucial for the performance of the cooling process.
The 52S1/2 , F = 2 to 5
2P3/2, F
′= 3 (almost) closed transition is utilized to perform
laser cooling and MOT. The cooling beam is derived from the reference laser to access
the transition to create a MOT. The number of atoms in the MOT is strongly dependent
on the intensity of the cooling laser [87, 88]. The total desired laser power (around 300
mW) for cooling is not available from a single ECDL till date. Therefore, we use a
commercially available Toptica BoosTA Tapered Amplifier (TA), seeded by the beam
at arm 4 of the reference laser via fiber coupler (FC4) as shown in Figure 3.2. The





















Figure 3.4: 87Rb D2 transition. The spectroscopy beam is upshifted 213 MHz (in
blue) from the laser frequency (νlaser) (in red) and then locked to F = 2 to F
′= 2 - F′= 3
crossover transition. Laser frequency (νlaser) is upshifted to 414 MHz (in green) and
sits 68 MHz above 52P3/2, F
′= 3 hyperfine level. Again by downshift of 82 MHz, the
MOT cooling beam frequency (in purple) is derived. The MOT cooling beam frequency
is red-detuned ∆ν from the 87Rb D2 cycling transition from F = 2 to F′= 3 by 2.3 Γ.
beam. We adjust the seed beam polarization to maximize the TA output power by
using a using a λ/2 Wave Plate (WP) before the fiber coupler (FC4) at arm 4. The
seed beam power is 35 mW. The BoosTA can amplify the seed beam power while
retaining the narrow linewidth and stability of the ECDL. The BoosTA is operated
at 75% of the maximum operation current to extend the lifetime of the TA chip. An
output power of around 300 mW is obtained after the fiber coupler.
The cooling laser is slightly red-detuned ∆ν from F =2 to F′= 3 transition in order
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Figure 3.5: The optical setup to derive the cooling beam using BoosTA. PD: photode-
tector; λ/n: λ/n wave plate; PBS: polarization beam splitter; FC: fiber coupler; AOM:
acusto-optical modulator; f: focal length of lens in mm; Shutter: Uniblitz shutter.
to compensate for the Doppler shift as shown in the Figure 3.4. The laser frequency
of the TA output is brought down 82 MHz by using a AOM-4 (AA Opto-Electronic
MT80-A1-IR), -1 order, in order to make it red-detuned by 14 MHz (2.3 Γ) from the
F =2 to F′= 3 transition. The MOT beam is switched on and off with a switching
time of 100 ns, using the AOM-4. To prevent any leakage of light during Magnetic
Trap (MT) stage, an Uniblitz shutter (LS6 6 mm Uni-stable Shutters) with Uniblitz
shutter driver (VMM-D4 Four Channel Uni-stable Driver) is deployed. The opening
and closing time of the shutter is around 250 µs, with a response delay of around 2 ms.
The optical setup for deriving the cooling beam is shown in the Figure 3.5.
In order to efficiently align a beam through AOM-4 with minimum space require-
ment, we send the beam through a fiber coupler, using an aspheric lens. The laser
beam waist is around 3 mm and the crystal inside the AOM has a width around 1 mm.
Normally to send a beam through an AOM, the laser beam is first focused using a lens.
After focusing, another lens is used to make the beam collimated. For our setup, the
beam coming out of the Thorlabs C230 aspheric lens (f= 4.51 mm) after the optical


















Figure 3.6: The optical setup to derive the imaging beam using home built slave laser.
PD: photodetector; λ/n: λ/n wave plate; PBS: polarization beam splitter; FC: fiber
coupler; AOM: acusto-optical modulator; FP cavity: Fabry-Perot cavity.
efficiency. Our setup saves not only optical elements but also space on the optical ta-
ble. Deflection efficiency > 85% through AOM, and > 90% coupling efficiency to couple
the deflected beam in another fiber coupler is achieved separately. All together 76.5%
deflected beam coupling efficiency from one fiber to the another one through AOM is
achieved. By this alignment process, after the fiber coupler around 200 mW power is
measured, and distributed to MOT beams.
Thus, both right frequency and adequate power for the cooling beam is attained.
3.1.3 Imaging beam
After cooling and trapping atoms, the next step would be to detect the cold atom cloud.
In order to do that an imaging beam is required. The beam is on resonance to the 87Rb
D2, F =2 to F′= 3 transition.
The imaging beam is derived using a home built slave laser, injection locked by the
upshifted reference laser beam at arm 5 in Figure 3.2 [89]. The slave laser is injected,
with a 1mW upshifted reference laser beam, via the optical isolator (Thorlabs IO-5-780-
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HP). A ridge waveguide laser diode from Eagleyard Beta Labs (EYP-RWL-0780-00300-
3900-CMT04-0LAB) is used in our slave laser. The laser diode has a maximum output
power of 300 mW at 400 mA driver current. An output power of 180 mW is obtained
with an operating current of 250 mA. Another optical isolator (Linos FI-780-5SV-MB)
is placed to make sure no back reflection goes to the diode to alter its single mode
operation. The single-frequency operation of the laser is monitored using a home built
Fabry-Perot (FP) cavity of finesse 50.
The output of the slave laser is downshifted through a 68 MHz AOM (AA Opto-
Electronic MT80-A1-IR), -1 order, in order to prepare the imaging beam on resonance
with the 87Rb D2, F =2 to F′= 3 transition as shown in Figure 3.7. After coupling
through a single-mode Polarisation-Maintaining (PM) fiber (Thorlabs P3-780PM-FC),
only 2.5 mW of power is used for imaging. The imaging beam optical setup is shown in
Figure 3.6. As for imaging very little power is required, the rest of the light generated
from the slave laser is used for various testing and alignment purposes not shown in
the Figure.
3.1.4 Optical pumping beam
The purpose of optical pumping beam is to pump the atoms from one state to the
another state by selecting a particular polarization. For cold atom experiment, the
optical pumping beam is used to transfer all the atoms in a particular weak-field seeking
state to load efficiently the Magnetic Trap (MT). The setup of the optical pumping beam
as well as the optical pumping scheme for Rb atom is discussed below.
The optical pumping beam is derived using the beam at arm 1 of the reference
laser as shown in Figure 3.2. The beam is upshifted by 75 MHz from the laser fre-
quency (νlaser) using AOM-1 (AA Opto-Electronic MT80-A1-IR), such that it is close
to the resonance to the 87Rb D2, F =2 to F′= 2 transition as shown in Figure 3.7.
After coupling through a single-mode PM fiber (Thorlabs P3-780PM-FC) 1 mW power
for optical pumping is available. In the MOT stage, the atoms are prepared in an
ill-defined statistical mixture of all the Zeeman sublevels of state 52S1/2, F = 2. For the
magnetic trap, atoms can only be trapped in weak-field seeking sates. For the ground
state 52S1/2, F = 2, only atoms in weak-field-seeking states mF = 2 and mF = 1 could















68 MHz F'= 3, νimaging 
75 MHz
Δν=5 MHz F'= 2, νoptical pumping 
Figure 3.7: Laser frequency (νlaser) is upshifted to 414 MHz (in green) and sits 68
MHz above 52P3/2, F
′= 3 hyperfine level. Downshifting by 68 MHz, the imaging beam
frequency (in sky blue) is derived. This is on resonance to the 87Rb D2 transition
from F = 2 to F′= 3. For optical pumping beam (in brown) the laser frequency (νlaser)
is upshifted by 75 MHz, which is 5 MHz re-detuned from 87Rb D2, F =2 to F′= 2
transition.
different mF levels are optically pumped to the 5
2S1/2, F = 2, mF = 2 level. A circu-
larly polarized σ+ optical pumping beam and a magnetic biased field along the beam
direction to define the quantization axis is used.
Before optical pumping the atoms occupy all the ground state Zeeman sublevels as
shown in Figure 3.8. During optical pumping, under the uniform bias magnetic field
B, the Zeeman sublevels splits according to the strength of the magnetic field and σ+
optical pumping beam pumps all the atoms from different Zeeman sublevels into the
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Figure 3.8: Optical pumping effect schematic. (a) The atoms populate all the degen-
erated Zeeman sublevels, before optical pumping. (b) All the atoms are pumped into
the Zeeman sublevel mF = 2 by optical pumping.








[gF ′ (MF + 1)− gFMF ] = B × 0.81 MHz/G, (3.1)
where, the Lande g-factors are gF = 1/2, gF ′ = 2/3 and µB is the Bohr magneton. A
bias field of around 3 G is applied during optical pumping and the optical pumping
beam is kept 5 MHz red detuned from the F =2 to F′= 2 transition. The detuning is
fairly consistent with Equation 3.1.
Thus, using a small red detuned optical pumping beam from the F =2 to F′= 2
transition, all the atoms are transferred into the dark Zeeman sublevel MF = 2 and the
atoms are prepared for efficient MT.
3.1.5 Repump Laser
A repump laser is very important for the cooling process to occur. Without the repump
beam all the atoms go to the dark state (approximately after 1000 photon scattering)
and the cooling process stops. The optical setup of the repump laser and how we

























Figure 3.9: The optical setup of the repump laser. PD: photodetector; λ/n: λ/n
wave plate; PBS: polarization beam splitter; FC: fiber coupler; AOM: acusto-optical
modulator; f: focal length of lens in mm; Shutter: Uniblitz shutter.
For the 87Rb D2 transition, the 52S1/2 , F = 1 to 5
2P3/2, F
′= 2 transition is exploited
to transfer the atoms from 52S1/2 , F = 1 to 5
2S1/2 , F = 2 via excited states. Through
non-resonance pumping effect, during MOT, atoms from F =2 ground state pumped up
to F′= 2 and F′= 1 excited states. Atoms from F′= 2 and F′= 1 hyperfine level decay
to the dark ground state 52S1/2, F = 1 and don’t participate in the cooling transition.
Therefore, in order to have a continuous cooling process, it is required to repump the
atoms back to the 52S1/2 , F = 2 level.
The optical setup of the repump laser is shown in Figure 3.9. The reference laser is
commercially available Toptica DL 100 ECDL, identical to the reference laser. The out-
put power of DL 100 is around 70 mW at 140 mA driver current. The lasers is locked by
using current modulation Doppler-free saturation-absorption spectroscopy (SAS) and
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Figure 3.10: The repump laser is locked over F = 1 to F′= 1 - F′= 2 crossover transi-
tion (in red). The beam is upshifted by 80 MHz from the cross over transition and sits
on resonance to F =2 to F′= 2 transition (in yellow).
locked over the strongest F = 1 to F′= 1 - F′= 2 crossover transition. The spectroscopy
cell is kept at 50◦C, to increase the SAS signal. The laser beam is upshifted by 79 MHz
by AOM, +1 order, from the cross over transition and it is on resonance to F =2 to
F′= 2 transition as shown in Figure 3.10. Around 25 mW power is measured after the
fiber coupler which couples the deflected beam from the AOM. Thus, the repump beam
plays crucial role for Doppler cooling. The repump beam plays an important role also
for sub-Doppler cooling. There, we reduce the heating due to the photon scattering
by applying a less intense repump beam such that the atoms goes to the dark ground
state and don’t participate in the scattering process when they are sufficiently cold.
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3.1 Lasers
3.1.6 Mirror Magneto-optical trap beams
A Mirror-MOT (MMOT) is prepared using four cooling beams as explained in the
Subsection 2.3.6. Two beams are sent at 45◦ and the other two are sent along the
horizontal direction. The cooling and the repump beams are mixed along the horizontal

























Figure 3.11: The optical setup to derive the beams for the mirror magneto-optical-trap.
λ/n: λ/n wave plate; PBS: polarization beam splitter; FC: fiber coupler.
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3.2 Fabrication and characterization of the atom chip
The micro-fabrication process to develop our atom chip is described in this section. We
fabricate a single layer atom chip for our experiment. This work is done in the clean
room facility in our center. Traditional atom chips are comprised of a single layer of
current carrying conductors, whose geometries are defined to produce the desired inter-
action potentials. The interaction potential, V = ~µ · ~B, between the atom’s magnetic
moment (~µ) and a wire’s magnetic field ( ~B) is exploited in order to trap or guide neutral
atoms. In general, the magnetic field’s magnitude, gradient, and curvature scale as I/r,
I/r2, and I/r3 respectively, where I is the current through the micro-wire and r is the
characteristic dimension. There are few criteria for the atom chip fabrication and after
fabrication, we verify if those criterions are fulfilled or not by characterizing the chip.
• One would typically like to produce tightly confining potential with high trapping
frequencies such that the atom cloud could be cooled and manipulated rapidly.
This requires thin wires and high current densities. Roughness of the wire leads
to distortion in the current flow through it, which gives rise to magnetic field
roughness. The magnetic field roughness is responsible for disordered potential,
which leads to the fragmentation in the cold atom cloud [90]. A very high quality
wire is required for both high current densities and to prevent fragmentation in
atom cloud. For high current density in the wire, efficient heat dissipation is also
critical.
• To cool and trap atoms near the atom chip surface by Mirror Magneto-Optical
Trap (MMOT), the surface quality of the atom chip should be as close as possible
to an optical mirror. An optically flat surface also ensures low scattering for
imaging.
Various custom fabrication processes for wire-based atom chips are developed so far by
many research groups [11, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99] and it has become quite
well known technique.
3.2.1 Fabrication of the atom chip
The technical details of our atom chip fabrication process is outlined here. The atom
chip’s wire patterns are designed using AutoCAD software. The drawing is then printed
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(a) (b)
Silicon wafer with thin oxide layer
Silicon wafer with 
LOR 30B(Brown) 
and photoresist(red)









Figure 3.12: (a) The dimensions of the atom chip is 13 mm×34.5 mm. (b) Atom chip
fabrication process flow.
on a chrome photomask which is basically a high resolution chrome pattern printed on
a transparent glass plate. This chrome photomask is then used to translate the atom
chip’s wire patterns on a substrate to fabricate the micro-wires using the photolithog-
raphy process. In a photolithography process, UV light is shone through a photomask.
The chrome pattern casts a shadow on the photoresist, which is a light sensitive poly-
mer, coated on a silicon wafer. There are two different types of photoresist, positive
and negative. For the positive photoresist, the area exposed to the UV light is removed
after development whereas for negative photoresist the exposed area remains intact.
The unexposed area is removed after development. For negative photoresist one can
use a photomask with an opaque wire pattern. The substrate used for our atom chip
fabrication is a silicon (SiO2) wafer. Silicon is not an insulator. An oxide layer of 25
nm provides the necessary electrical insulation. The dimensions of the atom chip is
13 mm×34.5 mm as shown in Figure 3.12 (a) and the atom chip fabrication process
flow is shown in Figure 3.12 (b). Cleaning of the substrate (silicon wafer) is the most
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imperative step in fabrication to get rid of any dust and grease. A small piece of dirt
can cause shorted or broken wires. Cleaning of the wafer is done with acetone followed
by isopropyl alcohol. Then it goes through a dehydration bake in an oven at 100 to
120◦C before proceeding with the rest of the fabrication process. A positive photore-
sist, AZ 9260, is used for transferring the pattern onto the wafer. Usually photo resist
tends to soften at temperatures higher than 100◦C, causing the edges to round off and
making lift off process difficult. A lift-off resist, LOR 30B, is used to aid the lift-off
process [93]. The silicon wafer is spin coated with LOR 30B and baked for 6 minutes
at 170◦C, followed by positive photoresist, AZ 9260, which is then baked for 3 minutes
at 90◦C.
The wafer is then exposed to h-line (405nm) UV light for 43 seconds. The areas
which are exposed to the UV light, dissolve away during the development process and
the areas which are blocked from the UV light stay put. An AZ developer, which
is a sodium hydroxide solution with added buffer, is used for developing the pattern.
The developer dissolves the photoresist exposed under UV light and reveals the silicon
surface. Thus the wire pattern is transferred on the silicon wafer. The patterned wafer
is then loaded into the e-beam deposition machine for metallization. A titanium (Ti)
layer of 50 nm is used as an adhesion layer for successive metal layers deposition. A
silver (Ag) layer of 1 µm is deposited on top of the Ti and finished off with 20 nm
of gold (Au) layer. This layer prevents silver beneath it from oxidizing and also acts
as a mirror layer. After deposition the entire wafer is immersed in PG remover (a
solvent to remove the resist) and heated to 70◦C to remove the lift-off resist. The
stripping of the resist takes up to an hour, after which it is cleaned using Isopropyl
alcohol (IPA) and dried up using nitrogen. The finished wafer is then diced up and
tested for shorts and also checked for other deformities (surface roughness, impurity,
edge) under a microscope.
3.2.2 Characterization of the atom chip
There are two important parameters which are measured for our atom chip: the current
density through the micro-wires and the quality of the optical surface.
The current density measurement:
The maximum current density is given by jmax = Imax/S, where, Imax is the maximum
current through the wire, and S is the surface area of the micro-wire. Through the
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Figure 3.13: The atom chip pad labelling and important wire dimensions are shown in
the figure.
Pad connection (+ ve) Pad connection (- ve) Name of the pad connections
P6 P11 Chip U-wire/ MOT wire
P6 P14 Chip Z-wire/ MT wire
P1/ P16 P8/ P9 Chip I-wire/ Guide wire
Table 3.1: The name of the pad connections as referred in Figure 3.13.
longest wire of the atom chip between pad P1 and P8, called I-wire as tabulated in
Table 3.1, a maximum current of 4 A for 4 minutes is sent before it broke down. The
wire is 0.1 mm wide and the height is 1.07 µm. This translates to a maximum current
density of 3.7×1010 A/m2. The measurement is carried out in air and the substrate is
placed on a metallic optical bread board of a probe station.
The optical surface quality measurement:
The current density of our atom chip is not the limiting factor. The chip optical surface
degrades due to resistive heating before it reaches to the maximum current density. We
suspect that when the conductor is hot, the diffusion process between the gold (20 nm)
and silver (1 µm) layer is responsible for this. In order to qualitatively measure the
degradation of optical surface of the atom chip surface, the following procedure is used;
The central part of the chip is shone with a 780 nm laser beam of waist 12 mm at
45 ◦ angle with respect to the atom chip surface. The scattered photons from the
atom chip’s reflective surface is recorded for 200 µs using a microscope, in the direction
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Figure 3.14: R(T )/R0 vs (T − T0) plot. From the fit, the value of the temperature
coefficient, αatom chip, for the atom chip wire is 0.0038 per
◦C.
perpendicular to the atom chip surface. If the atom chip surface were a perfect mirror,
we would not expect to collect any scattered light with the lens of the microscope.
Therefore, the amount of light collected by the lens of the microscope, indicates the
surface quality. The captured scattered photon number increases as the surface quality
degrades with resistive heating. We want to find out the temperature at which the
surface quality degrades, due to resistive heating. In order to do that the temperature
coefficient of the micro-wires is evaluated empirically.
The change of resistance with temperature is given by,
R(T )
R0
= [1 + α(T − T0)] (3.2)
where, α is called the the temperature coefficient of resistance, T0 is the room temper-
ature, and R0 is the resistance at temperature T0. In order to translate the change in
resistance to the change in temperature, we need to first find out experimentally the
value of α for the atom chip wire material. This is measured by homogeneously heating
up the chip to a fixed temperature using a hot-plate. When the atom chip reaches the
desired set temperature, which is monitored by thermocouples, a small current (0.05 A)
48
3.2 Fabrication and characterization of the atom chip
is sent through the chip wire connection pad P1 and P8, the I-wire, as shown in Fig-
ure 3.13. This current is sent to probe the resistance, without heating the micro-wire
by resistive heating. A Keithley power supply (Keithley 2602A) is used in constant
current (CC) mode. Both the current and the voltage are measured simultaneously
across the wire. The resistance is calculated from the measured current and voltage
using Ohm’s law. Then, again the atom chip is heated up using the hot plate at a
higher temperature and the same procedure is repeated to measure the resistance. A
plot between the resistance (R(T )/R0) as a function of temperature ((T −T0)) is shown
in the Figure 3.14. We fit the data with Equation 3.2 to extract the value of α, which
is dependent on the material of the micro-wire. As inferred from the fit, the value of
αatom chip is 0.0038 per
◦C. This matches to the value of α for silver (Ag), from which
the wire is made. Knowing the value of α, we can translate from the resistance to the
temperature of the wire.
Next to find out the temperature at which the surface quality degrades the following
experiment is performed. At room temperature a small current (0.05 A) through the
I-wire is sent for 5 minutes and the voltage is measured across the wire. After 5
minutes of heating the resistance is calculated. The current through the I-wire is then
increased step wise, with an increment of 0.25 A, starting from almost no current (0.05
A). For each increment the voltage is measured to monitor the change in resistance.
The measurement time is chosen at 5 minutes, as the resistive heating reaches to the
steady state by this time. For each measurement the scattering from the chip surface
is also monitored. There is not any remarkable change in the scattered photon count,
up to 1.75 A of current through the chip I-wire. When, 2 A of current for 5 minutes is
sent, we find that there is an increase of 78% in the scattered photon count. A visible
change in the colour of the gold layer under the microscope is also observed. Thus, the
maximum current through the I-wire is limited to 1.75 A due to the surface quality
degradation.
A current of 2 A and 1.75 A through the I-wire corresponds to ∆T = (T − T0) =
109◦C and 82.5◦C respectively, where T0 is the room temperature around 22◦C. This
implies the atom chip shouldn’t be heated up locally above 100◦C by the resistive
heating of the micro-wire to avoid degrading in the surface reflectivity. We have also
verified that for an uniform heating by a hot plate, the surface quality degrades an
equal amount at much higher temperature around 140◦C.
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We suspect that when the conductor is hot, the diffusion process between the
gold (20 nm) and silver (1 µm) layer is responsible for this.
3.3 Design of the base chip and conveyor belt
In many atom chip experiments, it is required to transport the cold atom cloud parallel
to the atom chip surface to interact with different integrated elements, such as fiber
optics, waveguides, or other wire geometries. The first such conveyor was demonstrated
in [17]. An extremely versatile technique is to use a magnetic Conveyor Belt (CB)
constructed from an array of chip wires [17, 97]. To avoid cramming the atom-chip
surface with too many wires, a multi-layer chips can be used [97]. However, these
are typically hard to design and fabricate, and also suffer from the heat management
limitations. To overcome these design constraints, a compound atom chip is introduced
for our experiment, which consists of a single layer atom chip and a compact multi-layer




Figure 3.15: The compound atom chip consists of a single layer atom chip and a
multi-layer base chip.
The multi-layer base chip is designed to serve three purposes.
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Pads for all the electrical connections both for the conveyor wires and atom chip wires Pads for atom chip





(b) Base chip thikness (14 layers)
(c) Conveyor belt wire structure (Layers 2 and 3, connected by via)
(d) Wires joinning the conveyor belt wire in (c) (Layers 4 and 5, connected by via)






Figure 3.16: (a) The set of pads, in the left, are used for all the electrical connections
both for the conveyor wires and also for atom chip pads. The other set of pads, in
the right, are the connection between atom chip pads to the base chip pads. (b) The
bottom figure indicates the multiple layers of the chip structure. (c) Conveyor belt
structures are 400 µm wide, and 800 µm away from each other. The length of each
conveyor wire is 7 mm. Layers 3 and 4 are inter-connected and duplicated to increase
the current through the conveyor belt connectors. (d) This layer joins the conveyor
belts to repeat the structure. This layer is also duplicated for layers 4 and 5 to increase
the current limit through the conveyor belt connectors. (e) Atom chip pad connections
from the base chip pads. All the micro-wires on the base chip are made of tungsten (W)
alloy and the pads on the top and bottom sides are made of gold.
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• The base chip consist of the conveyor belt micro-wire structures for the magnetic
transportation of the cold atoms in a plane parallel to the atom chip’s surface.
• It provides the electrical connections between the external power supplies and the
conveyor belts and the atom chip wires.
• It allows fast heat dissipation from the atom chip wires.
The base-chip consists of 14 layers. The top and bottom surface layers are made with
embedded gold pads (1.27 µm thick). The rest of the layers are made of tungsten (W)
alloy conductors. All the layers are separated by Aluminium Nitride (AlN) and con-
nected with vias from one layer to another. The base chip is designed by our group
and fabricated by Kyocera.
The design of the base chip and some important layers are shown in Figure 3.16.
The top layer of the base chip accommodates two different kinds of pads for electrical
connection. The pads on the left are the connection pads for both atom chip and
conveyor wires to connect with external power supply. The other set of pads, on the
right are for the atom chip wires. The pads one the left are electrically connected with
polyamide coated copper wires by conducting epoxy. The pads one the right of the base
chip are wire-bonded with gold wires to the pads on the atom chip. The atom-chip
is glued with a vacuum compatible glue (EPO-TEK, H-77) on top of the base chip for
rigidity and heat dissipation.
The base chip’s layers 2 to 5 contains the patterned wires used to produce a magnetic
conveyor belt to move the atoms trapped below the atom chip surface. There are 4
conveyor belt structures and they are 800 µm away from each other, and 400 µm wide.
The length of each conveyor wire is 7 mm. The conveyor belt wires are named as
Conveyor Belt (CB) 1, 2, 3, and 4 as shown in Figure 3.16(b). The rest of the layers
from 6 to 13 are connected to the different pads of the atom chip. The base chip is
designed such that it can be customised with more layers as well as allows the heat
dissipation from the atom chip wires. This provides a compact and scalable platform
for atom chip based experiments.
The temperature coefficient of the conveyor wires of the base chip is measured by
a similar experimental procedure as described in the Subsection 3.2.2. The empirical
temperature coefficient αbase chip for the base chip is 0.0028 per
◦C as shown in Fig-
ure 3.17. The temperature coefficient of bulk tungsten is 0.0044 per ◦C, which differs
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Figure 3.17: R(T )/R0 vs (T − T0) plot. From the fit, the value of the temperature
coefficient, αbase chip, for the base chip conveyor wire is 0.0028 per
◦C. This value is the
same for all the base chip conveyor wires.
from our empirical value. The difference is probably due to the process, which is used
to plate the tungsten conductors. The maximum current density through the base
chip wires are not tested. However, a current of 1.75 A can be sent through the base
chip wires, for several hours with negligible heating. This current is sufficient for our
experiment.
3.4 Integration of micro-optics and chip assembly for elec-
trical testing under vacuum
The purpose of our experiment is to trap atoms with the atom chip, then move them
using the magnetic conveyor belt and bring them in front of our on-chip micro-optics
for detection and manipulation. For the detection and manipulation, there are three
optical fibers glued on the atom chip using a polymer called SU-8, which is UV cured.
The approximate positioning of the fibers are 3.8 mm, 7.4 mm and 8.2 mm away from
the atom chip center as illustrated in the Figure 3.18.
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Figure 3.18: There are three fibers glued on the atom chip for the detection and
manipulation of cold atoms. They are 3.8 mm, 7.4 mm and 8.2 mm away from the
atom chip center.
The first two fibers from the center are the single mode (780 nm) tapered lens fiber
of spot diameter 1 µm and a working distance of 4 µm. The third and the last fiber
is a single mode (780 nm) Near-field Scanning Optical Microscopy (NSOM) fiber with
aperture diameter 500 nm, whose tip is coated with chromium(Cr) and gold(Au). All
the fibers are commercially available from Nanonics.
In the previous two Sections 3.2 and 3.3 we have investigated the resistive heating
from both the atom chip and base chip conductors in air and measured the temperature
coefficients. It is also found that the local resistive heating shouldn’t be more than
100◦C as the atom chip reflective surface degrades. It is crucial to know the resistive
heating behaviour of the compound atom chip under an Ultra-High Vacuum (UHV)
condition, mounted on a multi-purpose copper mount.
The multi-purpose copper mount is used as the mounting structure for the com-
pound atom chip, and also serves the purpose of a heat sink for the chip. It is also used
as a support structure for under U-wire, dispenser mounts, and a mirror mount at 45◦
angle with plane of the atom chip. The under U-wire is having a length of 10 mm in
between the end caps. The distance of the atom chip surface from the under U-wire
is 4.4 mm, considering the shapal heat sink and compound atom chip’s thickness. The
mirror is used to guide a beam parallel to the atom chip surface along the direction
of the atom chip’s I-wire (guide wire). The optical pumping beam is guided using this
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Figure 3.19: (a) The multi-purpose copper mounting structure as a support structure
for under U-wire, dispenser mounts, and a mirror mount. Electrical feedthrough, teflon
feedthrough and Sub-D connectors for compound atom chip’s connections are also
marked in the figure. The under U-wire is having a length of 10 mm in between the
end caps. (b) The multi-purpose copper mounting structure with the compound chip
structure and all the electrical connections.
mirror. In principle, an imaging beam for absorption imaging could also be guided
using this mirror. The multi-purpose copper mount is bolted to a copper heat sink of
diameter 25 mm welded to a CF 100 vacuum flange (Vaqtec). The CF100 flange is also
custom designed for holding two teflon and one electrical feedthroughs, and two Sub-D
connectors (25 pins) as shown in Figure 3.19 (a). The compound atom chip is glued on
a shapal heat sink attached to the multi-purpose copper mounting structure as shown
in Figure 3.19 (b). The atom chip sits on the base chip and the base chip sits on a
shapal heat sink. The shapal heat sink is connected to the copper structure to dissipate
the heat from the compound chip wires as quickly as possible. Polyamide coated copper
wires (AWG 19) are used for the electrical connection from the Sub-D connectors to
the base chip. One side of the base chip pad connections, called side A, are connected
to one Sub-D connector (side A) and the other side connections to the other Sub-D
connector (side B). The compound atom chip is mounted on the multi-purpose copper
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mount which is kept inside UHV chamber. Details about the preparation of the vacuum












y= 49.33 x2-8.59 x+0.35
0.4 0.6 0.8 1.0
20
Figure 3.20: Current vs temperature plot for atom chip I-wire inside vacuum. From
the fit we can predict temperature at higher current.
Our aim is to deduce a relation between the current and the temperature from
the measurements under UHV using the temperature coefficient for both the atom
chip and the base chip which are the known parameter as shown in the Figure 3.14
and 3.17. The relation between the current and the temperature will help in predicting
the maximum current possible to send through the micro-wires keeping the compound
chip temperature below 100◦C.
The current through the test wires are send via the Sub-D feedthroughs (25 pins).
Using the same feedthrough and pin connection the voltage is measured. The Keithley
power supply is used in constant current mode. Measuring the voltage and current, the
resistance is calculated. From the resistance and the measured temperature coefficient
α, we can calculate the temperature of the test wire using Equation 3.2. We send the
current for 5 minutes through the test wire, such that the resistive heating reaches a
steady state. Thus, for each current value we get a corresponding temperature of the
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test wire. We perform this measurement for several atom chip and base chip wires. In
Figure 3.20 the result for the atom chip I-wire is shown.
The exact functional relationship between the current and temperature of the wire
is unknown. We find that a second order polynomial or simply a quadratic function
fits the data well. For the I-wire, the heating of the wire as a function of current is
fitted with a function, ∆TI−wire = TI−wire − T0 = 49.33I2 − 8.59I + 0.35, where, T0 is
the room temperature. From this equation, for any current value we can predict the
temperature of the I-wire inside UHV. For example, in air with 1.75 A through the chip
wire, the temperature reaches to 100◦C, whereas inside vacuum, for the same current
the temperature would reach 158◦C. Unfortunately, this implies that under vacuum,
even with the heat sink, the heat dissipation is worse than in air.
Similarly, for the atom chip U-wire, the current between the pads 6 and 11, it is
found that the heating of the wire as a function of current is given by, ∆TU−wire =
TU−wire − T0 = 22.51I2 − 7.85I + 0.66. For conveyor wires (CB1, CB2, CB3 and CB4)
on the base chip, the temperature current relation is ∆TCB−wire = TCB−wire − T0 =
18.93I2 − 5.16I + 1.94. All the conveyor wires behave the same. Using the fitted
equations under vacuum, a prediction of the temperatures for different currents are
tabulated in Table 3.2.
Atom chip Base chip









0.5 8 2 4
1.0 41 15 15
1.5 98 39 37
2.0 180 75 67
Table 3.2: Prediction of temperature for different currents under UHV.
When multiple wires carry current, then ∆Ttotal =
∑
∆Tindividual. In absolute scale,
Ttotal = ∆Ttotal + T0, where, T0 = 22
◦C is the room temperature. This measurement
gives us the safety measures for sending current through the micro-wires. A prediction
of the maximum current limit for a combination of wires are tabulated in Table 3.3.
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1 41 1.5 39 N/A N/A 80 102
1 41 N/A N/A 1.5 37 78 100
N/A N/A 1.5 39 1.5 37 76 98
Table 3.3: Maximum current limit for a combination of wires.
3.5 Vacuum chamber
An Ultra-High Vacuum (UHV) chamber is essential for the experiments with ultracold
atoms to isolate the atoms from the environment. The lifetime of the trapped atoms
are also dependent on the quality of UHV, as the lifetime is limited by the collisions of
the trapped atoms with the atoms from the background gas. A background pressure
of around 10−10 mbar is sufficient for most ultracold atom experiments.
For many ultracold atom experiments, the vacuum chamber is mostly empty except
for a dispenser. For our atom chip experiment, many elements such as the compound
atom chip glued to a shapal heat sink, a multi-purpose copper mount, a mirror, optical
fibers, polyamide coated copper wires for electrical connections are kept inside the
vacuum chamber. It is challenging to achieve an UHV due to the outgassing rate
from these elements inside the chamber. Therefore, a very careful selection of vacuum
compatible materials is prerequisite. Special care must be taken in the selection of
glues and polyamide coated wires.
A schematic drawing of our vacuum chamber is shown in Figure 3.21. A glass cell
with outer volume 30× 30× 100 mm3 is used to house the compound atom chip. The
glass is of 4 mm thickness. The glass cell is attached to a CF40 flange with an expansion
matched glass to metal tube. The glass cell is purchased from Japan cell. The glass
cell is attached to the front surface of the cube chamber. The compound atom chip
with the multi-purpose copper mount is carefully inserted inside the vacuum chamber
such that it doesn’t scratch the glass cell. The customised CF100 flange, holding the
multi-purpose copper mount, is slid into the vacuum system, such that the compound
atom chip is placed inside the glass cell. All the wires and connectors for the compound
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Figure 3.21: Diagram of the vacuum chamber.
custom made CF 100 feedthrough flange. A great care is required to handle the optical
fibers glued on the surface of the atom chip. They are taken out of the chamber through
the teflon feedthroughs on the customised CF100 flange as shown in Figure 3.19. The
teflon feedthrough is basically a teflon ferrule with drilled hole slightly larger than the
fiber diameter, which replaces the metal ferrule of a standard swagelok connector [100].
The rest of the mount stays inside the cube. The mirror attached to the mount faces
downwards to the cube. A CF 100 viewport is attached to the bottom of the cube
for sending laser beams to the mirror. Two Rubidium dispensers (Alvatec alvasource
Rb-30-C), attached to the copper mount inside the cube, are directed towards the glass
cell. The right side of the cube is connected to a Titanium Sublimation Pump (TSP)
and a 40 l/s Ion pump (VacIon Plus 40) via a T-connector. Both the pumps are from
Agilent Varian. The right side of the cube is attached to an ion gauge (Agilent Varian
UHV-24P) and an all metal valve (VAT 54132-GE02) also via a vacuum T-connector.
The other opening of the valve is connected to a turbo pump (Pfeiffer HiPace 80) backed
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up by a diaphragm pump (Pfeiffer MVP 015-4). The cube connected to all those pumps
acts like an intermediator to achieve and maintain an UHV inside the glass cell where
the experiment is performed.
To achieve UHV, not only the in-vacuum materials should have a low degassing
rate, but also the vacuum chamber must be very clean, dirt or grease free. All the
metallic components of the vacuum chamber are cleaned in the following way before
they are assembled together.
1) A liquid, Ultrasonol 11 (carlroth.com) is used to clean the metallic components for
the vacuum chamber in the ultrasonic cleaner. Ultrasonol 11 is a alkaline liquid con-
centrate, pH 12.9, for cleaning non-corroding objects. Ultrasonol 11 and distilled water
is used at 1 : 10 ratio for the cleaning. The cleaning continues for an hour and then
rinsed with distilled water. Strong alkaline solutions such as Ultrasonol 11 are typi-
cally effective for removal of fat, for example finger prints, as well as protein residues.
They are low-foaming and easy to rinse off and therefore suitable for cleaning vacuum
equipment. Unfortunately they are also corrosive to several materials, and should be
used with caution.
2) After this, the metallic components are cleaned with Ultrasonol 7, which is neutral
liquid concentrate, pH 7, by the similar procedure in the ultrasonic cleaner. Surfactant
based solutions, for example Ultrasonol 7, are less effective in fat removal, but is in
return harmless to most materials with anti-reflection coatings utilized in our experi-
mental setup.
3) Then, they are cleaned with distilled water in the ultrasonic cleaner for an hour and
for 3 times. After each cleaning, fresh distilled water is used. By this we can get rid of
any residual dirt or Ultrasonol used for cleaning.
4) Finally, they are blow-dried by nitrogen.
Before assembling the compound atom chip and the glass viewports, all the metallic
parts of the vacuum chamber are pre-baked at 250◦C for two weeks. The metallic parts
of the vacuum chamber is baked at high temperature to remove water and other trace
gases which are absorbed on the surfaces of the chamber. For the glass cell and glass
viewports the bakable temperature is around 130◦C and for the compound atom chip
100◦C. The pre-bake-out procedure is similar to the bake-out and pumping procedure
for the vacuum chamber with compound atom chip and discussed below.
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Single layer atom chip
Under U-wire connection
10 mm
Figure 3.22: The compound atom chip under an UHV in a glass cell. The reflecting
surface of the atom chip faces downwards.
To prepare the baking, the chamber is wrapped with the heat tapes connected to
heating coils and covered with aluminium foil to prevent heat radiation. The glass cell
is protected with a metallic hollow tube during bake-out. Thermocouples are placed
strategically in various places for monitoring temperature. This is very useful to equally
heat or cool down the whole chamber without having any temperature gradient. The
bake-out is done at 100◦C for 10 days. The temperature is slowly increased from room
temperature, so that there is no temperature gradient in the chamber. It is important
as the expansion due to heat is different for glass and metal parts of the system. A
rapid heating might cause crack in the glass cell. The turbo pump is used to pump the
system during the baking out. From our experience, the turbo pump can pump down
to 2.4×10−8 mbar at 100◦C. After pumping continuously for 10 days, when the vacuum
pressure does’t decrease further, we start to cool down the chamber very slowly. At
around 50◦C, the vacuum pressure is 6× 10−10 mbar.
The ion pump is degassed by turning it on for 10 s. This procedure is repeated
for 3 times after 30 min intervals. After the degassing procedure of the ion pump, the
vacuum pressure goes up, and we wait for it to recover.
Then the three TSP filaments are degassed at 35 A of current for 1 min duration.
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After degassing of one filament, 30 min interval is provided for the second one. The
same procedure is repeated at 40 A of current for 1 min. The chamber is kept at 50◦C
for 1 day and then the pressure goes down to 2× 10−10 mbar.
After a day, the dispenser is activated at 3 A of current. We observe an instanta-
neous rise in the vacuum pressure to 10−4 mbar, which is the signature of the activation
of the Rb dispenser. When the pressure slowly comes down to 5×10−10 mbar, then the
evaporation of Rb at 4 A is done for 15 mins. We wait for 30 min and then again the
dispenser is evaporated at 4 A for 20 min. At the end of the evaporation the pressure
reaches 1× 10−9 mbar.
The temperature of the chamber is maintained at 50◦C for one more day. The
pressure reaches to 2 × 10−10 mbar. After this, the temperature of the chamber is
brought down to the room temperature over a day. At this point the ion pump is
turned on, the all metal valve is closed, and the turbo pump is disconnected.
At the end of the bake-out the pressure reaches 5×10−11 mbar. The TSP filaments
are periodically run (2 min after every 8 hours) at 48 A for 2 day. This brings down
the vacuum pressure to 2 × 10−11 mbar. This is more than a desirable low pressure,
considering there are so many elements inside our vacuum chamber.
To make sure that the dispenser has been prepared properly, a fluorescence test
by turning on the dispenser is performed. The ion pump maintains 5 × 10−11 mbar
pressure thereafter, when the dispenser evaporates at 3.8 A. The compound atom chip
under an UHV in a glass cell is shown in the Figure 3.22.
3.6 Magnetic coils
Magnetic coils are required to produce various trapping geometries in combination with
the fields generated by the current through the compound chip wires. In our experiment
we have two different sets of coils and both are in Helmholtz configuration.
• The first set of coils, called the main coils, are responsible for trapping and
manipulation of atoms along with the magnetic field generated from the atom
chip conductors.
• The other set of coils, called the compensation coils, are responsible to compensate
earth’s and stray magnetic fields. The compensation coils are required to provide

















Figure 3.23: (a) The three main pairs of coils are shown here. The axes are named
according to our convenience and the arrows show the direction of the magnetic fields.
(b) The ioffe coils are clearly visible from a different angle.
Circular coil geometries are by far the simplest way to achieve the desired magnetic
fields, both in terms of coil fabrication and field calculation. That’s why the main coils
and the compensation coils are chosen to be circular.
For a single circular wire loop, the magnetic field components along the axial and
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where, the argument of the complete elliptical integrals K and E is
k2 = (4Rρ)/[(R+ρ)2+(z−A)2], µ0 is the magnetic permeability constant, R is the loop
radius, A the location of its center on the z axis, and the radial and axial coordinates
are ρ and z respectively. By summing the fields produced by many such single loops,
each loop slightly displaced from one another, the total magnetic field of a circular coil
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y = -0.012453 + 3.42726 x
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Figure 3.24: The bias magnetic coil’s field for different currents are measured. From
the linear fit, the field strength is found as 3.4 G/A.
could be well estimated. For two coils separated by a distance d along the z axis, the
total field generated is sum of the each individual coil.
3.6.1 Main magnetic coils
The mounting structure of the main coils is made of aluminium (anodised). The mount
allows water cooling to support higher current, above 50 A, through the coils. For
our current experiment, water cooling is not required as very modest current (10 A) is
required through the coils. The coils are attached to the mounting structure with a
heat conductive glue for better heat transportation. All connections are covered with
isolation to prevent short circuiting. The coil mounting structure is designed in such
a way that it allows all the necessary optical access. The main coils are shown in the
Figure 3.23 (a) and (b).
The main coils are made of 3 mm polyamide coated copper wires (AWG 9). Each
main coil has 6×6 = 36 turns. The axes are named as bias, ioffe and up-down as per our
convenience and the arrows show the direction of the magnetic fields in the Figure 3.23




We measure the magnetic field of the bias coil for different currents. For the bias
coil the experimental data plot is shown in the Figure 3.24. From the linear fit, the
magnetic field strength is found as 3.4 G/A. There is a good agreement between the
theoretical and experimental values. A characterization of the bias, ioffe and up-down
coils is tabulated in the Table 3.4.
Bias coils Ioffe coils Up-down coils
Inner coil radius (mm) 75 50 100
Distance (mm) 75 50 100
Layers×turns 6×6 6×6 6×6
Wire diameter(mm) 3 3 3
Theory B-Field strength (G/A) 3.8 5.4 2.9
Expt. B-Field strength (G/A) 3.4 5.0 2.7
Table 3.4: Characterization of the main magnetic coils.
3.6.2 Compensation magnetic coils
The compensation (comp) coils are made of 1 mm polyamide coated copper wires (AWG
19). Each comp coil has 10 × 10 = 100 turns. The axes are named as CompBias,
CompIoffe and CompUp−down as per our convenience and the arrows show the direction
of the magnetic fields generated from the compensation coils. The coils are subsequently
named along the axes they generate magnetic fields. The compensation coils diagram
is shown in the Figure 3.25.
We measure the magnetic field of the CompBias coil for different currents. The
experimental data plot is shown in the Figure 3.26. There is a good agreement between
the theoretical and experimental values as verified from the plot. A characterization of
all the compensation coils is tabulated in the Table 3.5.
3.7 Imaging setup
The imaging system is essentially used to estimate the number of trapped atoms and the
spatial information of the atom cloud. It is also used to optimise (e.g., atom number,
temperature) at each stage of the experimental sequence and diagnose the possible
problems. In our imaging setup mainly two cameras, PIXIS and ProEM (both from
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Princeton Instruments) are used. The atoms are detected by fluorescence imaging as
shown in the Figure 3.27.
In the fluorescence imaging technique, the frequency of the laser beam is resonant
with the atomic transition in order to excite the cold atomic cloud. By detecting the
scattered photons, we can image the cloud as illustrated in Figure 3.27. This method
is convenient (as one can choose almost any imaging axis) and easy to perform. The












The first term inside the brackets is the photon scattering rate in photons per second
per atom, where I is the total laser intensity of the imaging beam, IS = 1.67mW/cm
2
is saturation intensity, Γ = 2pi×6.07 MHz is the natural linewidth and ∆ is the imaging
beam detuning from the atomic resonance. The second term is the energy per photon,
which along with the first term gives the total fluorescence power. The third term is
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Figure 3.25: The three pairs of compensation coils are shown here. The axes are named




Inner coil radius (mm) 140 160 100
Distance (mm) 140 185 160
Layers×turns 10×10 10×10 10×10
Wire diameter(mm) 1 1 1
Theory B-Field strength (G/A) 6.2 4.9 5.8
Expt. B-Field strength (G/A) 6.2 5.0 5.8
Table 3.5: Characterization of the compensation magnetic coils.

















Figure 3.26: The measured value of the CompBias magnetic coil’s field for different
currents. From the linear fit, the magnetic field strength is found as 6.2 G/A.
of the collection lens and d is the distance between the cold atom cloud and the lens. It
is assumed an ideal lens with no aberrations and perfect transition of light. The fourth
and the last term is the detection efficiency, where η is the quantum efficiency of the
camera, and R is the gain of the camera.
A thermal atom cloud in free space satisfies the Maxwell-Boltzman distribution.
There is equal thermal energy in every dimension, so, it expands equally with time
in all the directions. The density distribution of the cloud is a Gaussian function. A
common way to probe a cold atom cloud is to watch its free-space expansion after
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Figure 3.27: Imaging setup for the PIXIS and ProEM cameras. The focal lengths of
the lenses are mentioned in mm. Inset figure shows the real imaging system for the
PIXIS camera, with the imaging beam alignment. The ProEM camera setup under the
breadboard is not visible in this image.
releasing the atoms from the trap potential. The final cloud size after TOF t is also









where, σi is the initial width of the cloud density, kB is the Boltzmann constant, m
is the mass of the atom, and T is the temperature of the cold atom cloud. Using
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this equation we can derive the temperature of the atoms. The time-of-flight (TOF)
measurement provides information about the position of the cloud, its momentum
distribution, and temperature. The Gaussian width σ is related the the Full Width at
Half Maximum (FWHM) as, FWHM = 2
√
2ln2 σ.
The PIXIS (Detector type: EEV 1024 × 1024CCD47 10) camera is aligned along
the direction of bias field. A pair of 140 mm achromatic lenses (CVI-MG) along with
another pair of 190 mm achromatic lenses (CVI-MG) of diameter 25 mm are used to
collect the fluorescence on the PIXIS’ Charge-Coupled Device (CCD). The relay lens
system is used to swiftly open and close the shutter kept at the focus of the fluorescence
collection beam path, such that no other light can reach to the camera before the
imaging pulse is turned on, as the PIXIS camera doesn’t have any internal shutter.
A strong light collected from MOT or optical pumping beams may saturate the CCD
before the image is taken. So, a shutter is essential. To block any other ambient light
to fall on the CCD, a 780 nm interference filter is placed just in front of the PIXIS
camera. The PIXIS camera is used in Kinetics mode, without continuous cleaning. To
adopt the relay lens system on the optical bread board, the PIXIS camera is mounted
upside down on a post due to space constraint as shown in the Figure 3.27. We have
checked that the atom number fluctuation is not dependent on the possible vibrational
instability of the mount.
For the fluorescence imaging, the imaging beam is flashed (450 µs) twice to take two
images. The first image captures the scattered light of the imaging beam and the
fluorescence from the atoms, whereas the second image captures only the scattered
beam without atom. Subtracting the second image from the first one, we get the
information about the cloud. Any other beam than imaging beam and repump beam
during imaging process is strongly prohibited. Time-of-flight (TOF) images are taken
after a minimum of 3 ms TOF.
The ProEM (Detector type: EEV 512×512 CCD97B) camera is along the direction
of up-down field. It images the atom from the bottom of the atom chip surface. The
fluorescence is collected using a pair of 80 mm grin lenses (Lightpath, Gradium) of
diameter 12.5 mm. There is also provision to attach a microscope objective lens of 30
mm working distance with the ProEM camera. ProEM camera works in continuous
cleaning mode, which basically clears the whole CCD array before the image is taken.
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We don’t need any shutter for ProEM. A 780 nm interference filter is also placed just
in front of the ProEM camera to block any ambient light.
One more camera, Guppy Pro (AVT), is used for initial MOT alignment purposes
and later it is used to observe MOT loading in video mode. It is generally used as a
quick diagnostic of the MOT.
3.8 Electronic control
In the cold atom experiments it is essential to exploit the modern electronic technologies
to control and manipulate atoms very precisely. Commercial electronic technologies
and devices such as high speed computers, multiple-channel analog and digital output
boards, data acquisition (DAQ) systems, ultra-stable current power supplies, Direct
Digital Synthesizer (DDS), etc. are used . Without them, it is impossible to perform
our atom chip experiments.
3.8.1 Computer control
To run this experiment, we need to control all the digital and analog devices of the
experiment with the desired time resolution. To successfully address these needs a
system of hardware and software control are assembled. The detail about the hardware
control is explained below. A schematic diagram of the hardware control is shown
in Figure 3.28. Two different computers are used each time we run the experiment,
named as the control and the imaging. The control computer is directly connected
to the National Instruments’ (NI) PXI 1042 chassis, where two NI PXI 6733 (1 MS/s,
16-Bit, 8 Channels) analog output channels and the PXI DIO-64 with 64 channels
of digital outputs from Viewpoint system. The PXI cards are linked to the BNC
breakout boxes for analog and digital channels. Using BNC cables from the breakout
boxes, the analog or the digital signals are sent to various devices like power supplies,
AOM drivers and cameras. There are also two DDS cards (PulseBlasterDDS-II-300-
AWG) from SpinCore. These cards are used for the RF signals for AOMs. The control
computer execute the experimental sequences using LabVIEW.
The second computer is called imaging computer as it is solely used for imaging.
The ProEM camera is controlled with the imaging computer and the PIXIS camera is
controlled with the control computer. The image analysis by Matlab is run on both the
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computers. To control the ProEm camera with LabVIEW from the control computer,
the control computer calls a LabVIEW program on the imaging computer (over the
local network). In this way the control computer tells the imaging computer, how to
configure the camera, and when it should take images. The LabVIEW program, on
the imaging computer, controls the Princeton Instruments’ Winview program using
activeX. In the same way the LabVIEW on the control computer controls the PIXIS
camera.
In the following paragraph, we discuss the software control. We have a set of files,
called Virtual Instrument (VI), created with LabVIEW, from which we define and run
each experimental procedure. With the XML script editor we create or edit a script.
A script contains a complete list of commands and timing information required for one
experimental cycle. A script has the following functionalities as given below and shown
an example of xml script in Figure 3.29.
• Time: We define the time an action is going to take place.
• Time delay: It sets the relative time between two consecutive actions, it has 0.1
µs resolution.








Figure 3.28: Schematic diagram of the hardware control for the atom chip experiment.
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Figure 3.29: This is an example of our xml script. In this script we are changing the
detuning of the cooling laser beam.
• Channel: We write the desired channel name which corresponds to a particular
pre-assigned device.
• Action: The type of action that is going to happen to the device (e.g. change
value, pulse) is defined by this.
• Value: A value, for an analog channels, is assigned for an required action.
• Stage: The stage defines the experimental stage (e.g. MOT, Molasses, Magnetic
trap) for bookkeeping.
• Comment: A comment with some additional details is mentioned for bookkeeping.
Each time we save a script, it is compiled and the data is extracted for each device.
Some of the extracted data are then calibrated with a value defined in the database (e.g.
number of ampere per volt output for a power supply) or some data get compensated for
a delay of a specific elements in the setup (e.g. shutters). Then the data are then send
to the hardware controller, which sets up all the PXI hardwares, the RF-DDS boards,
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the cameras, etc. Thus a single script is run, images are taken and informations are
extracted by image analysis. However, multiple scripts could be executed one after
another, which are saved in a column format automatically. There are control switches
for different execution types for the scripts and we call it runner. The runner can
perform single execution of a script, multiple execution of the same script in infinite
loop, or execution of a list of scripts, or execution of a list of scripts in infinite loop.
Since the script are saved in the XML file format, other programming languages, like
Matlab, can access and edit the script. This provides us the ability to create complex
multi-dimensional scans using Matlab, which is very convenient for large data collection.
Matlab edits the appropriate values in the script and calls LabVIEW (via ActiveX) to
run that script.
3.9 Mirror magneto-optical trap preparation
To create a Mirror Magneto-optical trap (MMOT), we need a UHV chamber. The
preparation of UHV chamber with glass cell is discussed in the Section 3.5. The center
of the UHV glass cell is at 350 mm above the optical table. There is a custom designed
bread board on the optical table where most of the optics are mounted for horizontal
MOT and imaging beams. The top of the bread board is 250 mm above the optical
table. The center of laser beams are aligned at a height of 100 mm above the bread
board to match with the center of the glass cell. The 45◦ MOT beams are mounted
directly on the optical table, and guided through the clearance of the magnetic coil
mounts, specially designed keeping in mind the optical axes. For the four MOT beams,
two beams at 45◦ and the other two horizontal beams along ioffe field directions are
having a diameter of 12.5 mm and an intensity of 77 mW/cm2. The two horizontal
cooling beams are aligned in such a way that 1/3 of the beam is blocked by the chip
structure, leaving 2/3 of them inside the cell in the vertical direction. The repump
beam of 20 mW power is mixed with the horizontal cooling beams with equal power
splitting. The setup is shown in the Figure 3.30.
The dispenser is turned on at 4.75 A for 2-3 hours and let the pressure be stabilized
at 5 × 10−11mbar from the background pressure of 2 × 10−11mbar. Again we check
the fluorescence using the Guppy Pro (AVT) camera in video mode before we start to
look for a MOT. The initial charging process takes longer, as the stainless steel parts
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Figure 3.30: The mirror magneto-optical trap setup where the MOT beams are shown.
The second horizontal beam is not visible in this figure, but it is aligned opposite the
horizontal beams shown in this figure.
act like a rubidium pump before they are fully coated. Later, after couple of weeks
the pressure stabilizes at 6× 10−11mbar from the background pressure within 15 mins
after switching on the dispenser at 4.75 A. It is important to note that the MOT with
maximum atom number at given dispenser current is normally achieved after couple
weeks of operation when the whole chamber is fully coated with Rb.
3.9.0.1 Some limitations in our system
In our experimental setup, the current through the under U-wire, bias, up-down, and
ioffe are sent at constant voltage mode using Agilent (Agilent 6652A) power supply.
The constant voltage mode has the benefit to rapidly turn on the current at higher
value as described later in the Section 4.1.4. However, the disadvantage is that there
is an atom number fluctuation due to the resistive heating of the under U-wire and
magnetic coils. Also to add, our atom chip is not evenly glued on the base chip, so, the
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atom chip is slightly tilted due to the uneven gluing. This restrict us from the accurate
measurement of the position of the cold atom cloud from the chip surface. Lastly, we
have small trapping volume as the atom chip is only 10 mm away from the bottom of
the glass cell, as shown in the Figure 3.22.
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Chapter 4
Transportation of atoms near
micro-optics
In this Chapter we describe the procedure to cool the atoms, load them in a magnetic
trap and transfer them using a magnetic conveyor belt of our combined atom chip.
We will start with a summary of the experimental stages, followed by the detailed
discussion and characterization. We conclude with the analysis of the transportation
process.
4.1 Experimental procedures
In this Section, we describe the experimental procedure to cool, trap and transport
cold Rubidium, 87Rb, atoms in front of micro-optics.
• The atoms from the Rubidium vapour are cooled and trapped simultaneously in a
Magneto-Optical Trap (MOT) using an U-shaped conductor under the atom chip,
made of small copper plate as shown in Figure 3.19. For simplicity, this is called
the under U-wire and the trap generated, as the under U-MOT. The generation
of a quadrupole field using the under U-wire is described in the Subsection 2.3.5.
Atoms in the under U-MOT are then moved closer to the chip surface by reducing
the current through the under U-wire and increasing bias field. At the same time
the atoms are cooled by suppressing the light scattering by drastically reducing
the repump intensity, where the atoms go to the semi-dark ground state.
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Figure 4.1: Summary of the experimental stages.
• The atoms from the under U-MOT are loaded to the atom chip U-wire MOT,
called the chip U-MOT. The atoms are compressed by increasing the bias field
and simultaneously cooled by suppressing the light scattering. By compressing
they are also brought further closer to the chip surface.
• The atoms are further cooled in the chip U-MOT by Polarization Gradient Cool-
ing (PGC).
• After PGC, the atoms are optically pumped to the weak-field-seeking state for
efficient transfer to the Magnetic Trap (MT).
• The MT, described in Subsection 2.3.1, is created by the atom chip Z-shaped
wire, as discussed in the Subsection 2.3.5 and called the Z-MT.
• From the Z-MT, atoms are transferred to a dimple trap, as outlined in the Subsec-
tion 2.3.5.3 formed by the conveyor wire (CB3) and the atom chip guide wire (I-
wire).
• Using the dimple trap atoms are magnetically loaded to the conveyor belt. Using
the repetitive magnetic conveyor belt structure as outlined in the Section 3.3 the
cold atoms are transported. The atoms are magnetically transported from the
Conveyor Belt (CB) wire, CB3 to CB2, CB2 to CB1, and CB1 to CB4, where the
micro-optics is situated.
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The atoms are brought in front of the lensed fiber for future manipulation like red-
detuned optical trapping, as mentioned in the Subsection 2.2.2 and detection by using
the two-photon transition laser for the 5S1/2 to 4D5/2 transitions of
87Rb as described
in the Chapter 5. The summary of the experimental stages are shown in the Figure 4.1.
Now, we will go through the details of the above mentioned procedures/stages and
discuss the preparation, optimization and characterization of each stage.
4.1.1 Under U-wire magneto-optical trap
The under U-wire magneto-optical trap is used to capture and cool a large number of
atoms in a large trap volume. The magneto-optical trap is termed with a quadrupole
magnetic field along with the cooling and repump laser beams. The quadrupole field
required for the MOT is created by sending a current of 24.5 A through the under
U-wire along with a bias field of 3.4 G. The under U-wire structure is shown in the
Figure 3.19 and the magnetic coils to generate bias field is shown in the Figure 3.23.
The initial values are calculated theoretically, which gives a maximum gradient of 9
G/cm and a quadrupole minimum 5.8 mm away from the under U-wire, i.e., around
1.4 mm away from the chip surface.
To align the MOT beams, we use apertures on each of the four beams of the mirror-
MOT, as discussed in the Section 2.3.6, and make the beam spot small. Using a camera
in video mode from the bottom of the chip surface, we make sure that the 45◦ MOT-
beams are overlapping with each-other at the centre of the chip. The reflected beams
from one of the 45◦ MOT-beams, should fall on the other beam’s aperture to make sure
they are aligned properly. For the horizontal beams we also follow the same procedure.
Initially, a tiny MOT is detected with the video camera and the captured fluores-
cence is monitored in live mode. Then the MOT beams’ apertures are opened up fully.
The λ/4 Wave Plates (WP), for σ+−σ− configuration, are slightly tweaked to optimise
the MOT by monitoring the fluorescence signal. After maximising the fluorescence
signal, the current through under U-wire, the bias and up-down fields are scanned to
further maximise the fluorescence signal keeping the current through the under U-wire
constant at 24.5 A. For the scan, the PIXIS and ProEM cameras are used to estimate
the atom number by fluorescence imaging. An optimized under U-MOT is found at a
current of 24.5 A through the under U-wire, a bias field of 4.1 G and an up-down field
of 1.2 G. The field gradient is around 11 G/cm and the under U-MOT is formed 2 mm
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away from the chip surface. Further the MOT is optimized with a cooling laser red
detuning of around 14 MHz (2.3 Γ) from the F =2 to F′= 3 87Rb D2 transition.
The MOT loading time for our experiment is around 10 seconds and around 2 −
2.5 × 106 atoms are loaded in the under U-MOT and 2 mm away from the atom chip
surface. For our experiment, it’s not required to have many atoms as it is supposed
to be used to detect a small atom cloud in front of a tapered lens fiber. However,
by increasing the dispenser current, we can easily load more atoms, as we operate at
5 − 6 × 10−11 mbar pressure. The MOT temperature, depending on the laser beam
balance and the λ/4 WP alignments, varies from 200 to 400 µK. A typical temperature
of around 300µK is observed.
After the under U-MOT is loaded for 10 seconds, the transfer of atoms from the
under U-MOT to chip U-MOT is initiated. The frequency of the cooling laser beam is
further red detuned from 14 MHz to 44MHz from the F =2 to F′= 3 87Rb D2 transition
after 10 ms, using the AOM-3 of 200 MHz as shown in Figure 3.2. The repump laser
power at the same time is reduced from the maximum power (10 mW) to 200 µW per
beam for the horizontal beams. Further changing the detuning of the cooling beams,
along with a reduction of the repump laser power, the atoms are efficiently cooled by
suppressing the light scattering. To move the atoms closer to the chip surface to match
the trap centre with the chip U-MOT, the current through the under U-wire is reduced
from 24.5 A to 14.4 A in 50 ms, while the bias field remains the same. The up-down
field is increases from 1.2 G to 3.8 G and ioffe field is also increased from 0 to 1.5 G in
50 ms. During the process to bring the atoms closer to the chip surface, the atoms are
compressed slightly in order to match the size of both the traps. At the end the under
U-MOT is brought from 2 mm to 1.6 mm away from the atom chip surface.
4.1.2 Chip U-wire magneto-optical trap
The chip U-wire MOT is an intermediate stage as the chip U-wire MOT can be better
mode-matched1 with the chip Z-wire magnetic trap, than the under U-MOT. First, we
transfer the atoms to the chip U-wire MOT from the under U-MOT, and then compress
the atoms in the trap to mode-match with the Z-wire magnetic trap.
For the chip U-MOT, the current in the chip U-wire is ramped up from 0 A to
1.48 A in 10 ms, where as the current through the under U-wire ramps down from
1Both the trap centres coincide and the size of the clouds are the same.
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14.4 A to 0 A. The bias field, up-down field and the ioffe fields are ramped down from
4.1 G to 1.2 G, from 3.8G to 0.5 G and from 1.5 G to 0.3 G respectively. All the
cooling laser beams are brought back from 44 MHz to 14 MHz red-detuned from the
F =2 to F′= 3. The repump laser is switched back to the maximum power (10 mW
per horizontal beams) using AOM. To load the chip U-MOT efficiently, the bias and
up-down fields are scanned to the final value as mentioned.
The atoms in the chip U-MOT is hold in the trap for 10 ms for rethermalization
and then the atoms are compressed. During the first 15 ms of compression stage, the
cooling laser is red detuned from 14 MHz to 44 MHz and the repump laser power is
turned down to 200 µW per beam in order to suppress the light scattering for more
effective cooling. The current through the chip U-wire is ramped down from 1.48 A
to 0.85 A, where as the bias coil is ramped up from 1.2 G to 2 G. The magnetic field
gradient goes to 32 G/cm. In the second compression stage, only the bias field is further
ramped up 2 G to 2.75 G in 20 ms. The magnetic field gradient goes to 55 G/cm, and
the chip U-MOT is 500 µm away from the chip surface as calculated.
4.1.3 Polarization gradient cooling
During the compression in the chip U-MOT, the atoms become hotter. Before the
transfer of the atoms in a magnetic trap it is required to cool down the atoms by the
polarization gradient cooling, so that more atoms can be transferred in the magnetic
trap.
After the chip U-MOT compression, a polarization gradient cooling (PGC) or sub-
Doppler cooling is done for 5 ms. A brief description about polarization gradient
cooling is provided in the Subsection 2.1.5. For the PGC, the cooling laser is further
red-detuned from 44 MHz to 74 MHz from the F =2 to F′= 3 transition and all the
magnetic fields are switched off instantaneously using the home built coil switches.
After the PGC, 1.5 − 2 × 106 atoms are trapped at a temperature around 20 µK. A
typical time-of-flight (TOF) measurement for temperature is shown in Figure 4.2.
To achieve good PGC, the λ/4 WPs orientation and the compensation coils field
cancellation has to be optimized. To maintain a high atom density in the PGC, coil


















































Figure 4.2: For each TOF value, three repetitive time-of-flight measurements are taken
and fitted in the plots taken by PIXIS camera after the polarization gradient cooling.
The scatter points are the shot-to-shot variation in atom number. The vertical error
bar comes from a fit of the density distribution of the atomic cloud using a Gaussian
function. (a) The temperature measured along the up-down field direction (along z) is
13.7 µK. (b) The temperature measured along the ioffe field direction (along x) is 17.9
µK. The two plots indicate the temperatures along the axial and radial directions.
4.1.4 Optical pumping
After polarization gradient cooling, the atoms go through a state preparation to a
weak-field seeking state required for the magnetic trap. The state preparation for the
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20 ms Bias Current
Trigger
500 μs Bias Current
Trigger
Overshoot
Figure 4.3: In the left, the oscilloscope trace shows a normal ramping time, 20 ms, of
an Agilent 6652A power supply from 0 to 3 A of current through the bias coil, measured
by a current probe. In the right, the fast ramping up of the current shown within 500
µs. There is a small overshoot, which stabilizes in 1 ms.
magnetic trap is described below.
There is no substantial loss of atoms observed during the laser cooling and com-
pression stages. However the temperature drops from several hundred µK to 20 µK.
The atoms are moved from 2 mm to 500 µm closer to the chip surface. After the
PGC, the cooling beams are turned off using AOM and shutters, so that there is no
leakage power in the fiber to excite the cold atoms, but the repump beam is turned on
at maximum power. We optically pump the atoms into the F = 2, MF = 2 weak-field-
seeking state to increase the loading efficiency in the Z-wire Magnetic Trap (Z-MT) as
discussed in the Subsection 3.1.4. A σ+ polarized optical pump beam with 600 µW of
power and 5 MHz red detuned from the F =2 to F′= 2 transition is used. The optical
pumping is done for 250 µs, in presence of the bias magnetic field of 3 G along the
direction of the beam. The magnetic field defines the quantization axis for the atoms.
The optical pumping helps to improve the loading efficiency in the Z-MT by a factor
of 3 compared to without state preparation loading. After the optical pumping stage,
the optical pump beam and the repump beams are switched off with the AOM and
shutters to make sure that there is no leakage which can excite the atoms in the MT
to the un-trapped states.
To turn on the bias coil rapidly to a current value (3 A) for optical pumping and
Z-MT loading the following procedure is done.
During the molasses cooling, the coil switch is turned off, while the power supply (Agilent
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Figure 4.4: The Z-MT loading sequence is shown in the oscilloscope trace. The trigger
indicates the beginning of the Z-MT loading. Before Z-MT, there is 200 µs Optical
Pumping (OP), during which only the bias field is on as indicated in the figure.
6652A) is turned on at higher voltage (20 times higher) than it’s required to deliver 3A
of current through the coil. The analogy of this process would be like charging a ca-
pacitor. The coil switch blocks any current to flow through the coil when the power
supply is on at higher voltage in constant voltage mode. After that the coil switch is
turned on, to allow the current to flow through the coil instantaneously. After 200 µs,
the voltage of the power supply is then turned down to the voltage required (0.45 V)
to drive 3 A current. In this way we can turn on the current through the bias coil from
0 to 3 A in 500 µs, otherwise it takes around 20 ms as shown in Figure 4.3. The fast
ramping of the bias field is crucial for the Z-MT loading, otherwise efficient MT loading
is not possible. The same method is applied also to turn on the ioffe coil to shift the
non-zero magnetic trap bottom to higher value.
4.1.5 Chip Z-wire magnetic trap
After the optical pumping, the chip Z-wire current is ramped up from 0 to 1.5 A in 1
ms as shown in the Figure 4.3. At the same time, the ioffe field is ramped up to 1 G,
within 500 µs , where as the bias field is already on at 10G to load the atoms to the
Z-wire magnetic trap (ZMT). To increase the trap volume, the conveyor belt wire CB3
as shown in Figure 3.16(b), is turned on at 0.5 A. We have observed an increase (20-
30%) in atom number experimentally. The wire CB3 is parallel to the central part of
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Figure 4.5: The Z-MT life time is 2.89 s. The vertical error bar on each point is smaller
than the size of the data points. The life time is mostly dependent on the background
pressure.
the Z-wire (without end caps) and sits almost under the central part of the Z-wire. At
the end of 1 ms loading, the atoms are held in the trap for 125 ms for rethermalization.
The loading of Z-MT sequence is shown in the Figure 4.4.
We measure around 0.65−0.8×106 atoms in the Z-MT after 125 ms rethermalization
time, with a loading efficiency of more than 40%. The temperature is 70 µK in the
Z-MT. The atoms are trapped around 400 µm below the chip surface with a trap
frequency (90, 90, 6) Hz as calculated. The measurement of the lifetime in the Z-MT
is done by fluorescence imaging using ProEM camera and fitted with an exponential
decay curve that yields the Z-MT lifetime of 2.89 s as shown in the Figure 4.5.
4.1.6 Dimple trap
The objective is now to transport the atoms using the conveyor belt and bring them
close to the micro-optics. In order to do that, at first it is required to transfer the atoms
from the Z-MT to a trap created by the conveyor wire. The atoms are transferred
from the location of the Z-MT to the location of CB3 wire via the guide wire and
simultaneously in a dimple trap the atoms are captured. The dimple trap is formed














Figure 4.6: (a) A conventional dimple trap with a guide wire and a Z-wire. (b) For
our experiment, the dimple trap is created with the CB3 wire, which is also a Z-wire
situated on the base chip, and the atom chip I-wire (guide wire) in presence of the bias
and ioffe fields. The current through the atom chip Z-wire (in dotted line) is ramped
down and current through the CB3 and guide wire is ramped up to transfer the atoms
on CB3 wire. The dimple trap is created using the CB3 wire and the guide wire on top
of CB3 wire. The Conveyor wires shown in this figure are on the base chip, where as,
the Z-wire and I-wire are on the atom chip.
fields. The transfer and dimple trap formation process is described below.
After holding the atoms in the Z-MT for 125 ms, the up-down field is switched off.
Then the atoms are transferred to a dimple trap and the transfer process is described
here.
There are two conditions to be satisfied to create a dimple trap as shown in the
Figure 4.6:
1) The current through the I-wire should be in opposite direction in order to coun-
teract the field generated by the current through the Z-wire endcaps.
2) The field generated by the endcaps of the Z-wire must be in the opposite direction
to the ioffe field direction.
For this transfer process, the bias and ioffe magnetic fields along with the current
through atom chip I-wire (guide wire), Z-wire and the base chip Conveyor Belt wire
3 (CB3) is required. The transfer process from Z-MT trap to the dimple trap occurs
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Figure 4.7: The ramp sequences to transfer atoms from Z-MT to dimple trap.
in 4 ramping stages. The ramping stages are optimised by minimising the atoms loss
in each ramp stage, however, the losses are inevitable, mostly due to trap frequency
mismatch. The ramp sequences are shown in the Figure 4.7. The ramping time for all
the ramp stages is 20 ms and the hold time for the rethermalization of the atom cloud
is 5 ms, except after ramp 4 the rethermalization time is 75 ms.
1st ramp:
The transfer efficiency is around 85-90% for this ramp stage. The temperature is mea-





























Figure 4.8: The Dimple/ CB3 MT life time is 1.57 s. The vertical error bar on each
point is smaller than the size of the data points.
The transfer efficiency is around 85-90% for this ramp stage. The temperature is mea-
sured to be 100 µK by TOF measurement.
3rd ramp:
The transfer efficiency is around 85-90% for this ramp stage. The measured tempera-
ture is 95 µK using TOF measurement.
4th and the final ramp:
The transfer efficiency is around 75-80% for this ramp stage. The temperature is mea-
sured, by TOF measurement, to be 95 µK .
In the dimple trap, after the four ramp stages 3.39 × 105 atoms are transferred from
the Z-MT, with an transfer efficiency of more than 50%. The temperature of the atoms
in the dimple trap is 95µK measured after 75 ms rethermalization time. The life time
is measured as 1.57 s as shown in Figure 4.8. The atoms are slightly hotter in the
dimple trap than the chip Z-wire magnetic trap, as the atoms are compressed and the
life time has also reduced as the atoms brought further close to the chip surface and
more sensitive to the current noise through the chip wires. The atoms are held in a
dimple trap, on the top of the CB3 wire.
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CB4 CB3 CB2 CB1 CB4
800 μm 400 μm
Bias field
Figure 4.9: In this figure the transportation of atoms from one conveyor belt wire to
the next one is illustrated. For example, by ramping down the CB3 wire current to
zero, and raping up the current in CB2 wire the atoms are transported along the bias
field direction a distance of 800 µm. The ioffe field is not shown here which is parallel
to the CB wires. The CB wires are arranged in repetitive format, so the direction of
current is required to be flipped on repetition.
4.1.7 Transportation of atoms using conveyor belt
In the dimple trap the ultracold atoms are trapped magnetically in an Ioffee-Pritchard
trap. By transferring the atoms in the dimple trap, we actually load the atoms in the
conveyor belt in order to transport the atoms near the micro-optics. The procedure of
transportation of the atoms from one conveyor wire to the adjacent one 3.16 is provided
here.
The transportation of the atoms from one conveyor wire to the next one is done by
ramping down the current through the wire, where the atoms are trapped and ramping
up the current in the wire where the atoms are going to be transported as shown in
Figure 4.9. The ramping time is 150 ms. After the transportation from one CB wire
to the next one, the atoms are hold for 75 ms for rethermalization. During the whole
transportation process the current through the I-wire (Guide wire) remains constant
at 0.9 A, as well as the ioffe and the bias fields remain constant at 13 G and 9.2 G



































Figure 4.10: The ramp sequences to transport atoms from CB3 to CB2, CB2 to CB1
and CB1 to CB4 trap by magnetic conveyor belt. This ramp sequence is for illustration,
and not to scale.
Figure 4.10.
The transportation of atoms from CB3 to CB2, CB2 to CB1 and finally CB1 to
CB4 is performed, as shown in Figure 4.11. The position of the centre of the cold
atom cloud is measured using the ProEM camera from the bottom of the chip by in-
situ measurement whereas the atom number is measured by TOF measurement. The
atoms are transported along the reverse bias field direction (−y direction). The mean
transport distance, mean transported atom number and temperature in each CB wires
are tabulated in the Table 4.1.
The atoms are not equally moved by 800 µm for one to the next conveyor wire
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CB3 3.56 3.84 0 95
CB2 1.93 2.91 0.93 123
CB1 1.27 2.20 0.70 119
CB4 0.71 1.42 0.77 134
Table 4.1: Characterization of conveyor belt transfer
transfer, as it should be in case of perfect transportation. It is probably due to the
reason that the atoms get accelerated at the end of ramp. Therefore, instead of a
linear ramp we could have used a non-linear ramp to slow down the atoms at the
end of ramp. We have also noticed little heating and atom loss due to the linear
ramp. However, atom number loss is not a limitation for our proposed experiment
for detection and manipulation (far red-detuned dipole trap) of atoms using a tapered
lensed optical fiber by two-photon transition. The proposed experiment requires very
few atoms. However, a discussion on atom number loss and a theoretical study of
Position vs Number


















Figure 4.11: Atom number at different conveyor belt wire vs the position along the bias
direction. The atom loss is mostly governed by the trap lifetime during the transport.
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Figure 4.12: The 15 ramp sequences to transport atoms from CB3 to CB2, and another
15 ramp sequences to bring the atoms back from CB2 to CB3. The atoms move along
the bias direction and around 53 µm per data point. There is a small overshoot in the
position on return on CB3 wire. This position is extracted from the in-situ imaging
using ProEM camera. The big error bar in the figure originated from the fitting routine,
not representative of the experimental error.
possibility of non-linear ramping for the transportation of atoms in the CB wires are
discussed in the Appendix A. The atom loss is mostly governed by the trap lifetime
during the transport as the total transfer time from CB3 to CB4 is around 750 ms,
and life time of the CB traps are around 1.5 s. In Appendix B the images of the cold
atoms in various traps and transport process is also provided.
It is also possible to move the atoms very small distance, than a full distance between
two consecutive CB wires. For example, in Figure 4.12 the atoms are moved from the
CB3 to the CB2 wire and back again. To observe the progress of the cloud, we break
the transport in to 28 segments. At the end of each segment, an in-situ image is taken
with the ProEM camera. The atoms move negligible amount in the ioffe direction
during the whole transfer process, as expected.
We conclude that using the simplified combined atom chip’s conveyor wires, de-
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Residual scattering from 
the tapered fibre in 
the processed image
Figure 4.13: The cold atoms are transported a total distance of 2.41 mm and brought
close to the micro-optics the tapered lensed optical fiber for further experiment with
two-photon transition. This is a in-situ image capture.
signed by us, the atoms are transported a total distance of 2.41 mm and brought the
atoms close to the micro-optics the tapered lensed optical fiber, as shown in the Fig-
ure 4.13, for the proposed experiment with two-photon transition of Rb 5S1/2 to 4D5/2
using a 1033.3 nm laser. The proposed experiment is currently under progress and
beyond the scope of my thesis.
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Chapter 5
The basics of the Two-photon
transition
In this Chapter, we will describe the basic theoretical background of the two-photon
transition. The main focus would be on the theory behind Doppler-free two-photon
spectroscopy, the lineshape and the transition probability of the two-photon transition.
The theory is useful to calculate the two-photon transition probability of Rubidium for
different excited states for our experiment.
Every radiative process described in the previous chapters, has involved a single-
photon transition, whether it’s a Saturation Absorption Spectroscopy (SAS), optical
excitation, or spontaneous emission. However, processes are feasible, where an atom
simultaneously absorbs two or more photons. One of the most frequently encountered
multi-photon process is two-photon absorption or emission. It is a standard tool in
atomic physics for exciting atoms to states whose energies are too high to access with
a single-photon and also to access the states with same parity that would normally be
inaccessible, e.g. electric dipole (E1) forbidden transitions (S to S, S to D, or P to
P ). A number of ultra-high resolution spectroscopic techniques are developed based on
two-photon process.
The energy level diagram for both single-photon transition and two-photon transi-
tion is shown in Figure 5.1 (a) and (b) respectively. The one-photon process corresponds
to a transition of the atom from the ground state (g) to the excited state (e) by absorp-
tion of two resonant photons with angular frequencies ωgr and ωre respectively. The
atom is transferred to the excited state by populating the real intermediate state (r).
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Figure 5.1: (a) Stepwise excitation as a result of two successive one-photon excitation
via a real intermediate state (b)Two-photon excitation with no real intermediate state.
The ground state is denoted by g, real intermediate state by r, excited state by e, and
the virtual intermediate state by v.
This process is interpreted as two successive one-photon excitations [102, 103]. For
a two-photon transition, the atom from the ground state (g) is excited to the excited
state (e) by absorbing simultaneously two photons with equal angular frequencies ω,
where, (Ee−Eg) = 2~ω. During the two-photon excitation the intermediate state (r) is
not populated. The first two-photon absorption in the optical domain was observed by
Abela [104] in Cesium (Cs) vapour. Using a thermally tuned ruby laser, by absorption
of two photons at 653.55 nm, the transition between the 6S1/2 ground state to the 9D3/2
excited state of Cs was performed. The detection scheme was quite straightforward.
The photon spontaneously emitted from the excited state (e), decays via the real inter-
mediate state (r). The spontaneously emitted photon has a different wavelength than
the two-photon excitation photon. By collecting those spontaneously emitted photons,
the two-photon transition signal is observed. The two-photon spectroscopy has drawn
attention to precision spectroscopy as it is possible to eliminate the Doppler broad-
ening (first-order), which is around one hundred to one thousand times the natural
linewidth [105, 106].
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ħωħω
Atom velocity= v
Figure 5.2: Doppler-free two-photon transition.
5.1 Doppler-free two-photon spectroscopy
The Doppler broadening occurs due to the thermal motion of the atoms. In this section,
an outline is drawn on the method to minimize the Doppler broadening using a retro-
reflected beam.
Let us consider, ~v is the velocity of an atom and ~k is the wave vector of the light
beam. Then the first order Doppler shift is given by ~k.~v. We suppose that in the two-
photon transition the atom is excited from ground state (g) to the excited state (e) by
absorbing two counter-propagating photons of equal frequency ω as shown in Figure 5.2.
An atom moving towards the laser observes a blue shift in the laser frequency (ω+~k.~v),
while atom moving along the direction of the laser beam observes a red shift in the laser
frequency (ω − ~k.~v). If the atom absorbs one photon from each beam simultaneously,
then the atom gets excited from the ground state to the excited state.
Ee − Eg = ~(ω + ~k.~v) + ~(ω − ~k.~v) = 2~ω. (5.1)
In the Equation 5.1 the velocity dependent terms disappear.
This implies at resonance all the atoms, irrespective of their velocities, can absorb
two photons from the counter-propagating beams as well as the width of the transition is
Doppler-free (first-order) and is of the same order of magnitude as the natural linewidth
of the transition as theoretically predicted [105, 106].
5.2 Two-photon absorption lineshape
The two-photon absorption lineshape is theoretically Lorentzian, however, the wing of
the lineshape might differ from Loretzian. The reason is explained here.
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Figure 5.3: Doppler background in two-photon transition.




where γ is a damping constant. The emitted intensity in frequency domain is related
to the energy distribution of the spectral lines. In case of a damped harmonic oscillator
(for e.g. an atom), the distribution has a Lorentzian lineshape. The Full-Width at
Half Maxima (FWHM) of the Lorentzian line shape is the natural linewidth (γ) of the
transition. Therefore, theoretically Doppler-free two-photon absorption must have a
Lorentzian lineshape, because it is followed by the spontaneous emission from an atom,
without any external influence (natural). However, the wings of the lineshape may
differ from a Lorentzian curve when the laser frequency ω doesn’t fulfil the resonant
condition Equation 5.1 but quite close to it. This situation may occur by absorption of
two photons traveling in the same direction as shown Figure 5.3. For co-propagating
two-photon absorption
Ee − Eg = ~(ω + ~k.~v) + ~(ω + ~k.~v) = 2~ω + 2~k.~v. (5.2)
If the velocity of the atoms are low, they can absorb the co-propagating photons due
to the finite natural linewidth of the two-photon transition.
Doppler shift of the two photons travelling in the same direction does not cancel
out, and this results in a Doppler background. Since, the number of low velocity
class atoms which absorb the co-propagating photons are very less, it is evident that
the amplitude of the wing which has a Gaussian lineshape is much smaller than the
Loretzian lineshape.
In comparison to the Lorentzian curve, the Gaussian Doppler background is usually
too small to be detected due to its broad width. It is sometimes possible to get rid
of the Doppler background by choosing the polarizations of the laser beams appropri-
ately [106].
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Figure 5.4: Energy level diagram of two-photon transition. ~∆ωi is the energy defect,
which for a single real intermediate state Er is represented as ~∆ωr. 2~δω is the
energy detuning from the excited state Ee. The energy of the virtual intermediate
state is represented as Ev .
5.3 Two-photon transition probability
Like a single-photon transition, for the two-photon transition a laser whose spectral
width is smaller than the natural linewidth of the transitions is desirable. For Rb
atom, it is less than 6 MHz. In order to estimate the laser power required for the
two-photon transition, such that a detectable fluorescence signal from the atom can be
measured, we need to calculate the transition probability.
Second order perturbation theory is used to calculate the Doppler-free two-photon
transition probability [107]. The probability of exciting an atom from the ground
state (g) to an excited state (e) is given by,
P (2)ge (δω) =
∣∣∣∣∣∑
i









The notation used in the Equation 5.3 is illustrated in the Figure 5.4 and described
below:
Γe is the natural linewidth of the-two photon transition.
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δω = ω−ω0 is the difference between the laser angular frequency ω and the atomic
resonance frequency ω0 = (Ee − Eg)/2~.
H1 and H2 are interaction (electric dipole interaction) Hamiltonians, divided by ~,
of the atom for the incident and reflected laser beams.
~∆ωi = ~ω − (Ei − Eg) is the energy defect of the one-photon transition for each
intermediate state i. It is assumed that ~∆ωi is much larger than the Doppler width
of the transition g to i. This ensures that the intermediate state is not populated, i.e.,
there is no stepwise excitation.
The term Γe/[4δω
2 + (1/4)Γ2e] is a Lorentzian function, as discussed in the previous
section.
Let us consider that the two oppositely travelling beams are having same intensity
and polarization, then at resonance condition (δω=0), Equation 5.3 could be re-written
as
P (2)ge (res) =
∣∣∣∣∣∑
i







For an exact calculation one need to sum over all the intermediate states. However,
it is possible to do the summation only over one particular real intermediate level (r),
provided that the energy defect ~∆ωr from the level r is much smaller than energy
defects from all other levels. Another condition is the single-photon oscillator strengths
fgr and fre of the transitions via the intermediate level (r) (see Figure 5.4) should not
be negligible. By considering one particular real intermediate level (r), Equation 5.4
can be written, by replacing the Hamiltonian (H) with explicit expression, as
















2 is the classical radius of electron, I is the intensity of the laser
beam, λgr = 2pic/ωgr, λre = 2pic/ωre are the wavelengths and fgr, fre are the oscillator
strength of the one-photon transition as shown in Figure 5.4. The Clebsch-Gordan (CG)
coefficients are calculated from the quantum number J and m for the ground (g), real
intermediate state (r), and excited (e) states. The index q characterizes the polarisation
of the laser beam, where, q = +1, 0,−1 signifies σ+, pi and σ− polarizations respec-
tively. From the Equation 5.5, the following important informations are extracted:
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• P (2)ge (res) ∝ I2, i.e., two-photon transition probability is proportional to the
square of the intensity of the laser beam. By focusing the beam, the intensity (I)
is increased and hence the two-photon transition probability. This is a tunable
parameter.
• P (2)ge (res) ∝ 1/∆ω2r , i.e., two-photon transition probability is inversely propor-
tional to the square of energy defect. This is a non-tunable parameter depends
on the atomic level structure.
5.4 Two-photon transition probability for rubidium
We are interested in the background free detection of rubidium (Rb) atoms. A two-
photon excitation is utilized, for this purpose, as the excitation wavelength is sufficiently
different from the fluorescence wavelength.
We categorise the two-photon transitions in rubidium (Rb) with respect to the 5P3/2
(intermediate) level:
• The virtual intermediate level (v) is blue-detuned from the 5S1/2 to 5P3/2 transi-
tion:
The two-photon transitions from 5S to 5D and 5S to 7S, have their respective
virtual intermediate states, blue-detuned from the 5S1/2 to 5P3/2 transition as
illustrated in the Figure 5.5. We shall refer these two-photon transitions as blue-
detuned two-photon transitions throughout this thesis.
• The virtual intermediate level is red-detuned from the 5S1/2 to 5P3/2 transition:
The two-photon transitions from 5S to 4D and 5S to 6S, have their respective
virtual intermediate states, red-detuned from the 5S1/2 to 5P3/2 transitions as
illustrated in the Figure 5.6. We shall refer these two-photon transitions as red-
detuned two-photon transitions through out this thesis.
The two-photon transition probabilities for the blue-detuned and red-detuned two-
photon transitions are calculated using the Equation 5.5 and tabulated in the Table 5.1.
The energy defect for the blue-detuned two-photon transitions is much smaller than
the red-detuned two-photon transitions as given in the table, which leads to the higher
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Figure 5.5: Rb 5S to 5D and 5S to 7S two-photon transition schemes. For both
these transitions, the respective virtual intermediate levels (shown in dotted line), is
blue-detuned from the 5P3/2 state and the atom decays back to the ground state from
the excited state via 6P3/2 level emitting photon of 420.3 nm.
transition probability for equal intensity excitation laser beam. The blue-detuned two-
photon transitions from 5S to 5D [108, 109] and from 5S to 7S transition [110, 111] are
well explored by spectroscopy. However, there is no two-photon spectroscopy for the
red-detuned two-photon transitions 5S to 4D and 5S to 6S according to our knowledge1.
The reason could be that the power required to probe the blue-detuned two-photon
transition spectroscopies is around 5-10 mW for a focused beam of diameter 30-50
µm, where as for the red-detuned two-photon transitions more than 100 mW power is
1Ladder like transition, via the real intermediate state is used for the 5S to 4D spectroscopy [112,
113].
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Figure 5.6: Rb 5S to 4D and 5S to 6S two-photon transition schemes. For both
these transitions, the respective virtual intermediate levels (shown in dotted line), is
red-detuned from the 5P3/2 state and the atom decays back to the ground state from
the excited state via 5P3/2 level emitting photon of 780.2 nm.
required as shown in the Table 5.1. This high power requirement is not easily available
from the diode laser. However, there are high power Yb-doped fiber amplifiers and
lasers available for the red-detuned two-photon transitions.
By comparing the excitation wavelength provided in the Table 5.1, the red-detuned
two-photon transitions turned out to be very appealing. The reason behind our choice
is that:
1) If the excitation laser is on resonance to the excited level, it can be used for
background free fluorescence detection. The atom decays back to the ground state from
the excited state via 5P3/2 level emitting photon of the wavelength 780.2 nm, which
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5S to 4D 778.1 10 30 6.6 2.2×104 1
5S to 7S 760.1 10 30 64 220 1/100
5S to 6S 993.3 10 30 -470 8 1/3000
5S to 4D 1033.3 10 30 -550 7 1/3400
5S to 4D 1033.3 100 30 -550 650 1/34
Table 5.1: The two-photon transition probabilities for various excited states of Rb. The
transition probability is normalized to the 5S to 4D transition probability.
can be easily detectable using the cameras already setup in our atom chip experiment
as shown in Figure 3.27.
2) If the excitation laser is off-resonance, the laser beam can be used for optical
lattices and dipole traps. A lattice can be used for highly localized and non-linear exci-
tation of the atoms and cold atom implementations of Stimulated Emission Depletion
(STED) microscopy.
Using an AOM, the excitation laser could be turned on resonance or off resonance
to the two-photon transition.
Now, there are two red-detuned two-photon transitions 5S to 4D and 5S to 6S
having the excitation wavelength 1033.3 nm and 993.3 nm respectively. For the 5S to
4D transition, that can be separated in to 5S1/2 to 4D3/2 and 5S1/2 to 4D5/2 transitions
and the 5S to 6S transition more precisely can be written as 5S1/2 to 6S1/2. Among
these three transitions, 5S1/2 to 4D3/2 and 5S1/2 to 6S1/2 have two decay channels
from the excited state via 5P3/2 state emitting a 780.2 nm photon and via 5P1/2 state
emitting a 794.9 nm photon. Where as, for the 5S1/2 to 4D5/2 transition, there is
only one decay channel from the excited state, via the 5P3/2 level emitting a 780.2 nm
photon as shown in Figure 5.6. For the maximum fluorescence collection, obviously
5S1/2 to 4D5/2 transition is preferred over the other two transitions as it has only one
decay channel via emitting 780.2 nm photon.
For the above reasons, we have decided to use the red-detuned two-photon transi-
tions from 5S1/2 to 4D5/2 at an excitation wavelength of 1033.3 nm for our detection
scheme. In the next Chapter 6, we describe the building of a Yb-doped fiber amplifier
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for the amplification of the 1033.3 nm laser beam, the spectroscopy setup for the 5S to
4D two-photon transitions and the results from the spectroscopy.
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Chapter 6
Experimental setup for rubidium
two-photon spectroscopy and
results
Single photon spectroscopy requires a laser tuned to the atomic transition. Using the
Saturation Absorption Spectroscopy (SAS), it is possible to resolve the the hyperfine
levels over a Doppler broadened background as shown in Figure 3.3. Two-photon spec-
troscopy allows to resolve the hyperfine levels of the atom, without Doppler background,
which is advantageous for precision measurements.
We want to investigate both 5S1/2 to 4D5/2 and 5S1/2 to 4D3/2 transitions using
two-photon spectroscopy. The laser wavelengths required to address both these transi-
tions are around 1033.3 nm as both the 4D3/2 and 4D5/2 are very close to each other
(difference of around 0.1 nm) as shown in Figure 6.1 . A high laser power (100 mW), in
contrast to the single photon spectroscopy of Rb 5S1/2 to 5P3/2 transition (300µW), is
required to probe these two-photon transitions. The required laser wavelength can be
available from both a fiber laser and an Extended-Cavity-Diode Laser (ECDL), how-
ever the later outputs much less power. We use a commercially available ECDL for the
required laser wavelength and a homebuilt fiber amplifier to amplify the laser power.
The coupled light using a Polarisation Maintaining (PM) optical fiber is sent to the
spectroscopy setup. In this Chapter a detailed discussion about the two-photon ECDL












Figure 6.1: Rb 5S1/2 to 4D5/2 and 5S1/2 to 4D3/2 two-photon transitions with 1033.3
nm laser. Both 4D3/2 and 4D5/2 levels are very close to each other, and accessible by
the same laser. The atom decays back to the ground state via 5P3/2 level emitting
photon of 780.2 nm.
6.1 Two-photon laser
The basic concept of deriving the laser beam for two-photon transition is outlined in
this Section. Optical feedback to the laser diode is the biggest problem in our optical
layout and it is described how to prevent it.
The two-photon laser, as named, is used to excite atoms from both 5S1/2 to 4D5/2
and 5S1/2 to 4D3/2 transitions. The two-photon laser is a Toptica DL 100 ECDL with
tuning wavelength ranging from 980 to 1075 nm. The grating is tuned such that it
lases at 1033.3 nm. The output power of DL 100 is around 50 mW at 90 mA driver
current. Typical mode-hop free tuning range is around 10 GHz, which is the same as
the reference laser 3.1.1. Current and temperature tuning of the diode laser provides
further control of the output wavelength.
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Figure 6.2: At the top, the layout of the two-photon laser setup. At the bottom right,
the layout of the fiber amplifier is shown. At the bottom left the spectroscopy setup
is shown. PD: photodetector; λ/n: λ/n wave plate; f: focal length of lens in mm;
OI: optical isolator; PBS: polarization beam splitter; FC: fiber coupler, FP: Fabry-
Perot, WDM: wavelength-division multiplexer, AOM: acusto-optical modulator; EOM:
electro-optical modulator; PMT: photomultiplier tube, Filter: 780 nm interference fil-
ter. Thick arrows signify higher power.
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6.2 Fiber amplifier
The shape of the beam emitted from the two-photon laser diode is modified from
elliptical to circular using a cylindrical lens pair. The beam then passes through two
optical isolators, each providing 35 dB isolation. The beam after isolators is coupled
to a PM optical fiber to seed the fiber amplifier. It is essential to have both the optical
isolators, in order to prevent any optical feedback to the laser diode coming from the
fiber amplifier through the same seed laser fiber coupler as shown in Figure 6.2. After
the first optical isolator a small part of the beam enters in a home built Fabry-Perot (FP)
cavity of finesse 50, where the single-frequency operation of the laser is monitored.
Using a single optical isolator, the laser does not work in single frequency mode due
to the feedback coming from the fiber amplifier (see Figure. 6.2). The fiber amplifier
is seeded with 15 mW power using a optical fiber, called seed fiber. The fluorescence
from the fiber amplifier is back-coupled to seed fiber and results in the feedback to the
two-photon laser. The second isolator is used to block this beam coming from fiber
amplifier in order to maintain a single-frequency operation of the ECDL.
It is straightforward to tune the laser to the right frequency for two-photon transi-
tion. But more power is required to get a detectable fluorescence signal. The next step
is to amplify the laser power by using a fiber amplifier.
6.2 Fiber amplifier
A home built fiber amplifier is used in order to amplify the laser power. The building
up procedure of the fiber amplifier to amplify the laser power is described here.
A ytterbium-doped silica non-PM single mode fiber (Liekki YB1200-4/125) is used
for our home built fiber amplifier. This is a core pumped fiber. It can generate a
moderate power of 250 mW, which is sufficient for our spectroscopy power requirement.
Ytterbium-doped silica fiber is good candidate [114] to amplify lasers in the range of
1000-1100 nm and ours being at 1033.3 nm. Ytterbium-doped silica energy diagram as
shown in Figure 6.3 is a quasi-three level system for light amplification by stimulated
emission. The ytterbium-doped silica fiber is pumped with a strong 400 mW pump
beam of 980 nm (3S Photonics, 1999HPM). The atoms are excited to u2 from l1. Then
from u2 the atoms spontaneously decay to another excited state u1. The excited state
u1 is a metastable state with lifetime around 2 ms. From level u1 to l3, the atoms
decay by stimulated emission by 1033 nm seed laser.
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Figure 6.3: Ytterbium-doped silica energy diagram. The state u1 is a metastable state
with lifetime around 2 ms. From excited state u1 to ground state l3, the atoms decay
by stimulated emission by 1033 nm seed laser.
This amplification process is done using Wavelength-Division Multiplexer (WDM)
by mixing two counter-propagation pump and seed beams as shown in the Figure 6.2
fiber amplifier setup. The pump laser (980 nm), in blue arrow, get absorbed in the
ytterbium-doped fiber. The seed laser (1033 nm), in red arrow, from the other end
of the ytterbium-doped fiber starts the stimulated emission process with a little seed
power of 15 mW and at the end of ytterbium-doped fiber, amplified power of around
250 mW is measured.
Thus, sufficient laser power is achieved using the fiber amplifier for the two-photon
transition. The amplified beam, after an optical isolator, is sent to the spectroscopy
setup via a PM optical fiber. The optical isolator is used to avoid optical feedback from
the retro-reflected spectroscopy setup. The laser feedback could be useful as a signature
of the perfect alignment of the retro-reflected beam in the spectroscopy setup.
6.3 Spectroscopy
We perform two-photon spectroscopy on the 5S1/2 to 4D5/2 and 5S1/2 to 4D3/2 tran-
sitions. The wavelength and the power required to drive those transitions are obtained




Frequency modulation is applied to the light via an Electro-Optic-Modulator (EOM),
Photonics EOM-01-12.5-V, with a resonance frequency of 12.5 MHz. By sending more
rf power through the EOM, detectable sidebands are generated around the main signal.
The sidebands are used as a frequency marker, to measure the hyperfine splitting in
the excited state as discussed in the next Section 6.4. An AOM, (AA Opto-Electronic
MT110-A1-IR), +1 order, is driven by 110 MHz rf source to deflect the laser beam. The
AOM shifts the frequency of the light by 2×110 MHz for the retro-reflected beam. This
prevents unwanted feedback in to the fiber amplifier [109]. The σ+ and σ+ polariza-
tion configuration is used for the retro-reflected beams of the spectroscopy to maximise
the signal [115]. The beam is turned into σ+ , by using a λ/2 WP. a PBS, and a λ/4
WP. A laser power of around 140 mW enters in the rubidium cell. The beam is focused
to a narrow spot (diameter 30-50 µm) inside the cell using a pair of collimating lenses
of focal length 100 mm. These values are selected to fit the beam around the dimen-
sion of the Rb cell. Reflection from a mirror provides the required counter-propagating
laser beam. The two counter-propagating beams are carefully aligned to overlap in the
Rb cell. If the alignment is done well, the retro-reflected beam goes back to the fiber
amplifier setup through the fiber coupler.
The Rb spectroscopy cell is kept at a constant temperature of approximately 130◦C
by wrapping a heating tape around it. Fine tuning of the laser wavelength is done to
match with the two-photon transition to generate the fluorescence signal. The signal
is then collected onto a Photo-Multiplier Tube (PMT), Hamamatsu H10722-01, using
a pair of 50 mm focal length lenses. A 780 nm interference filter is used to reduce
interference from scattered light. One part of the collected signal on photomultiplier
tube is used to generate an error signal for locking the laser. The other part is utilized
to record the signal using a National Instruments Data Acquisition (DAQ) board on
a personal computer for analysis. Near infrared fluorescence at the 780.2 nm from the
4D5/2 to 5S1/2 or the 4D3/2 to 5S1/2 transition via 5P3/2 cascade decay is detected
as shown in Figure 6.1. In the spectroscopy setup shown in Figure 6.2 the dotted
line around the Rb cell signifies a metal enclosure. Two small holes are available for
incident and retro-reflected laser beams. This helps to block stray light from the room
in order reduce the background noise. A part of the retro-reflected beam, reflected by
the PBS, is collected on a photodetector and a wavemeter for monitoring power and
laser wavelength respectively.
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Thus, required laser frequency and power is achieved for the two-photon transitions
to detect the fluorescence signal. The detected two-photon spectroscopy signal is used
to lock the laser and also for the analysis of hyperfine splitting.
6.4 Spectroscopy result
In this section, the spectroscopy results are analyzed, which is taken using the spec-
troscopy setup described in the Figure 6.2. The rubidium vapour cell contains both the
species 85 and 87, thus both the 87Rb and 85Rb, 5S1/2 to 4D5/2 two-photon transitions
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Figure 6.4: (a) The hyperfine splitting for the 87Rb, 5S1/2 to 4D5/2 transitions and
(b) for the 85Rb, 5S1/2 to 4D5/2 transitions. For the two-photon transition the allowed
transitions are ∆F = 0,±1,±2
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The hyperfine energy splitting occurs from the coupling of the total electron angular
momentum J with the total nuclear angular momentum I. The hyperfine interaction is
represented by the Hamiltonian,
Hhfs = AI · J +B
3 (I · J)2 + 32 (I · J)− I (I + 1) J (J + 1)
2I (2I − 1) J (2J − 1) , (6.1)
where, A is the magnetic dipole hfs constant, B is the electric quadrupole hfs constant,
I is the nuclear spin angular momentum quantum number, and J is the total electron
angular momentum quantum number. The hyperfine energy splitting for both 87Rb
and 85Rb are shown in the Figure 6.4 and for the two-photon transition the allowed
























Figure 6.5: Sidebands of 12.5 MHz is used as the frequency marker for the measurement
of the hyperfine splittings. Around 100 data samples are taken for the fitting.
By scanning the frequency of ECDL, we have recorded the two-photon transition
signal by collecting fluorescence signal of 780.2 nm, as shown in the Figure 6.1. Us-
ing a 12.5 MHz EOM, sidebands are generated around the main transition signals as
shown in the Figure 6.5, e.g., for 87Rb, 5S1/2, F=2 to 4D5/2 hyperfine transitions.
These sidebands provides the frequency reference, to measure the unknown hyperfine
splittings. We have tried to fit the experimental data with the Gaussian, Lorentzian,
and Voigt multipeak fit routine to determine the centers of spectroscopy peaks and the
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Lorentzian fit turns out to be the best. Around 100 data samples are taken for the
fitting to minimize the statistical error.
Using the same procedure, the hyperfine splittings are measured for both the 87Rb
and 85Rb, 5S1/2 to 4D5/2 two-photon transitions and the findings are provided below
and spectroscopy plots are shown in the Figure 6.6.
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Figure 6.6: 87Rb and 85Rb, 5S1/2 to 4D5/2 two-photon transition spectroscopy.
1) For 87Rb, F=2 to F′= 4,3,2,1: (Figure 6.6 (a) )
HFS between F′=4 to F′=3: 62.5 ± 1.5 MHz
HFS between F′=3 to F′=2: 51.2 ± 0.8 MHz
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HFS between F′=2 to F′=1: 36.6 ± 0.9 MHz
2) For 87Rb, F=1 to F′= 3,2,1: (Figure 6.6 (b) )
HFS between F′=3 to F′=2: 53.1 ± 1.2 MHz
HFS between F′=2 to F′=1: 37.1 ± 0.9 MHz
3) For 85Rb, F=3 to F′= 5,4,3,2,1: (Figure 6.6 (c) )
HFS between F′=5 to F′=4: 19.5 ± 0.8 MHz
HFS between F′=4 to F′=3: 19.1 ± 1.2 MHz
HFS between F′=3 to F′=2: 16.4 ± 1.0 MHz
HFS between F′=2 to F′=1: 11.6 ± 1.1 MHz
4) For 85Rb, F=3 to F′= 5,4,3,2,1: (Figure 6.6 (d) )
HFS between F′=4 to F′=3: 21.5 ± 0.9 MHz
HFS between F′=3 to F′=2: 18.4 ± 0.7 MHz
HFS between F′=2 to F′=1: 12.8 ± 1.5 MHz
HFS between F′=1 to F′=0: 6.8 ± 1.7 MHz
The error bars are from the fitting routine. This results are consistent with the
measurements by Lee et al., Wang et al. and recently even more precisely by Lee et al.
[112, 113, 116]. They have obtained very good accuracy using the ladder like single-
photon transition. Our measurement can be improved by using magnetic shielding,
using more laser power and isolating the spectroscopy system from mechanical and
acoustic perturbations. This laser now can be locked to perform the detection and ma-
nipulation experiments with cold atoms as outlined in the Section 7.2. The error signal
obtained for the two-photon transition to lock the laser is shown in the Appendix C.
We have also obtained spectroscopic signal for the 5S1/2 to 4D3/2 two-photon tran-
sitions as shown in the Figure 6.7. For this spectroscopy, no sidebands are used to
measure the hyperfine splitting. A rough frequency scale is provided, considering the
hyperfine splitting for 5S1/2 to 5P3/2 is equal to the 5S1/2 to 4D3/2 transition, but in
reality there would be small difference due to the screening effect.
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Figure 6.7: 87Rb and 85Rb, 5S1/2 to 4D3/2 two-photon transition spectroscopy.
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Chapter 7
Conclusion and future direction
In this Chapter, first I would summarise my work and later I will discuss about the
future direction of our experiment.
7.1 Conclusion
We have designed and constructed an atom chip experiment for background free, high-
resolution atom detection using a two-photon transition. The chip consists of an atomic
conveyor belt, which allows deterministic positioning of the atom cloud. The work
emphasises on the application of an atomic conveyor belt in order to move the ultracold
atoms precisely in a plane parallel to the surface of the chip and bring it near to a micro-
optics for detection and manipulation using a two-photon transition.
A two-photon transition scheme for Rubidium (Rb) 5S1/2 to 4D5/2 at 1033.3 nm is
spectroscopically observed for the detection and manipulation of the ultracold atoms.
This transition could be used for frequency standard for fiber lasers, creation of far-
red detuned dipole trap (off resonant from the two-photon transition), for selective
excitation of few atoms in a cloud (in the Rayleigh volume) and for super-resolution
imaging. Detection of the atoms would be background free as excitation happens for
5S1/2 to 4D5/2 transition at 1033.3 nm and atom decays back to the ground state via
5P3/2 level, emitting photon of the wavelength 780.2 nm.
We divide our work in two parts:
1) Moving the atoms in a magnetic trap, parallel to the surface of the chip:
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In order to do that, we have designed and fabricated a new chip. Our chip consists
of two separate chips, called atom chip and base chip, merged in to one, called the
compound atom chip. The atom chip wires are used to generate magnetic fields for
mirror-magneto-optical trap and pure magnetic trap (MT) for the atoms in combination
with the external bias fields. A multi-layer (14-layers) base chip along with the single
layer atom chip is developed to trap and transport atoms.
After fabrication of the chip, we have characterised our chip, and studied in detail
the resistive heating of the micro-wires and it’s effect. From the detailed study, it’s also
possible to predict the temperature due to resistive heating inside vacuum chamber as
a safety measure.
After the testing, we are ready to perform the experiment. We have demonstrated
using the Z-wire of our chip, a magnetic trap of around a million atoms at a temperature
of 70 µK. The lifetime of the trap is measured to be 2.9 s.
Finally, it is demonstrated, using a simplified conveyor belt structure, the atoms
are moved over a distance of 2.41 mm, and brought near the micro-optics. The life
time of the atoms in a conveyor belt is around 1.6 s.
2) Spectroscopic observation of Rubidium (Rb) 5S1/2 to 4D5/2 two-photon transition
for the first time, according to our knowledge:
We have designed a new integrated fiber based optical system which can be used
for background free, high-resolution atom detection and selective excitation using a
laser on-resonance to the Rb 5S1/2 to 4D5/2 transition. For selective excitation and
non-linear imaging, the laser beam can be focused very tightly using the integrated
tapered lensed fibre.
We have developed the required laser system for the two-photon excitation, aided
by the fiber amplifier for the high power requirement. Using the laser the two-photon
transition is spectroscopically observed. The hyperfine splittings is also measured for
this transition. Locking of the laser on the hyperfine transition peaks are also performed
successfully for future detection and manipulation. This two-photon transition can also
be used as a simplified frequency standard for the Yb-doped fiber lasers.





After developing the laser system for the two-photon transition, it is now possible to
exploit the system for the following experiments.
7.2.1 Single fiber detection
In the previous atom chip experiments with the integrated fiber detection schemes [27,
28, 29], two fibers are used to interrogate the cold atoms. One for the excitation
beam (probe beam) and another one for the fluorescence collection. We propose a new
experiment, where, a single tapered lensed fiber can be used for both the excitation
of the atoms and fluorescence detection, as illustrated in the Figure 7.1 (a), using a
two-photon excitation.
This detection method has many advantages over the conventional approach. It
offers background free detection1 and can probe a very small region of a cold atomic
cloud. For this detection method, the Rb 5S1/2 to 4D5/2 two-photon transition can
be used, where, the atoms are excited by a 1033.3 nm on resonant laser to the above
mentioned transition, using the integrated tapered lensed fiber. The atom decays back
to the ground state from the excited state (4D5/2) via 5P3/2 level emitting photon of
the wavelength 780.2 nm, as shown in the the Figure 5.6, and the fluorescence photon
could be collected using the same integrated tapered lensed fiber used for excitation.
The 780.2 nm fluorescence light collected by the fiber, can be filtered out from the
excitation beam as shown in Figure 7.1 (b).
7.2.2 Single fiber detection feasibility study
Here, we discuss the feasibility of the photon collection and if it’s possible to detect
a single atom. In order to do that we first estimate the collection efficiency by the
micro-optics, i.e., the tapered lensed fibre. The commercially available tapered lensed
fiber from Nanonics we have used in our system. The beam waist is 1 µm, the working
distance is 40 µm and the Numerical Aperture (NA) is around 0.3. To calculate amount
of isotropically-generated light collected by a lens of given numerical aperture:
NA = sin (θ/2) , (7.1)
1Another way is provided in this article [117].
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Figure 7.1: (a) A proposed single fiber detection scheme. In the figure, it is shown
that the atoms are initially trapped in a magnetic trap, and then transported via the
conveyor wires in front of the tapered lensed fiber. The atoms are excited with 1033.3
nm laser for Rb 5S1/2 to 4D5/2 two-photon transition, and 780.2 nm fluorescence is
collected by the same fiber through which the excitation beam is delivered. Using a
filter the fluorescence beam could be separated from the excitation beam. (b) Detection
and filtering of fluorescence light.
where, θ is the incident angle. If light is emitted over a sphere i.e. isotropically from a
point source, then,
percentage of light collected = 1/2[1− cos(θ/2)] (7.2)
For a lansed fibre with NA = 0.3, the amount of isotropically-generated light collected
by a lens is 2.3%.
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Since, the wavelengths for the excitation by two-photon transition is different than
the collected light from the fluorescence, we also calculate the change in focal spot due
to chromatic aberration. The focal length of a lens is given by,
f =
1
(n− 1)( 1R1 − 1R2)
, (7.3)
where, R1 and R2 are the radius of curvature and n is the refractive index of the
material. The relationship between the refractive index and wavelength for a particular
medium can be calculated using Sellmeier equation.
For, 780 nm light, n780 = 1.5112 where as for 1033 nm light n780 = 1.5070. Due to
chromatic aberration, the change in focus is 0.8%.
We consider that the transmission through the fiber is 80% and the Single Photon
Counter Module (SPCM) has a detection efficiency of 56%.
The total collection efficiency is given by,
Total detection efficiency=detection efficiency due to NA × chromatic abberation
× transmission loss × SPCM efficiency=1.02%
The scattering rate of the atoms excited by the two-photon excitation is dependent
on the intensity of the light as given in Equation 5.5. For a focused beam of 1 µm,
generated by the lensed fiber, with a 16 mW power, the scattering rate is calculated
as 840000 photons/sec. However, after around 1000 scattering the atoms will go to
dark ground state, much before 840000 scatterings. It will take 1.2 ms for the atoms
to scatter the 1000 photons and go to the dark ground state.
Knowing the detection efficiency as described above, we can calculate that out of
1000 scattered photons in 1.2 ms, only around 10 photons would be detected by the
SPCM.
In order to detect single atoms, we need to calculate the interaction time between
a single atom and the excitation laser beam. The two-photon excitation only oc-
curs in double of the Rayleigh length (maximum length) or in the double of the beam
waist (minimum length). The time the atoms spends in the interaction length is de-
pendent on the velocity of the atom, which is dependent on the temperature of the
atoms. For, an ensemble of atoms at 25 µK, trapped in the magnetic conveyor wire
trap the average velocity of the atoms are 4.8 cm/sec. For 1033 nm laser the beam
waist is around 1 µm and the interaction length is 2 µm. Here, we do a conservative
calculation for the interaction length. The atoms can interact longer, if they move
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along the Rayleigh length. The time spent by a single atom in the interaction length
is given by,
Single atom interaction time= (2× beam waist)/(velocity of the atom)= 41 µs.
In 41 µs the SPCM has 34% detection efficiency. The stark shift is calculate to be 30
MHz, which can be compensated by an AOM. However, if we use 100 mW of power
for the excitation, then for a single atom we can detect 13 photons. This will provide
near unity detection efficiency. The stark shift in this case would be around 190 MHz,
which can be compensated by an AOM.
We conclude that we can detect single atoms using the two-photon transition and
the integrated micro-optics with near unity detection efficiency. However, we need to
experimentally verify the dark count for our detection setup, which we didn’t consider
in this feasibility study.
7.2.3 Selective excitation and super-resolution imaging using two-
photon excitation
In biological microscopy the most commonly used emitters, fluorophores1, show a non-
linear response to excitation. This nonlinear response can be exploited to enhance
resolution. One of the methods is Stimulated Emission Depletion (STED) microscopy.
It was developed by Stefan W. Hell and Jan Wichmann in 1994 [33], and was first ex-
perimentally demonstrated by Hell and Thomas Klar in 1999 [118]. Hell was awarded
the Nobel Prize in Chemistry in 2014 for this development.
In traditional microscopy, the resolution that can be obtained is limited by the





whereD is the diffraction limit, λ is the wavelength of the light, andNA is the numerical
aperture. Ernst Abbe developed this Equation 7.4 to describe the diffraction limit.
STED functions by depleting fluorescence in specific regions of the sample while leaving
a center focal spot active to emit fluorescence. Using STED, it is possible to achieve a
resolution better than the traditional confocal microscopy.
The idea could be adopted for the cold atoms experiments using the two-photon
excitation. The two-photon transition probability is proportional to the square of the
1A fluorophore is a fluorescent chemical compound that can re-emit light upon light excitation.
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Single-photon excitation Two-photon excitation
Rayleigh volume










Figure 7.2: (a) The two-photon excitation, using a focused dipole trap beam, where the
excitation is localized to the Rayleigh volume, deactivating the fluorescence from the
other part of the dipole beam. This non-linear imaging of atoms, beats the diffraction
limit and provides super-resolution.(b) The two-photon emission probability (green)
and single photon emission probability (red) along the axial position is plotted here.
The plot shows that using the two-photon transition scheme, which is proportional to
the square of the intensity, it is possible to achieve higher resolution.
intensity. Therefore, the fluorescence collection is localized to the Rayleigh volume
of a focused dipole trap beam, while depleting fluorescence from the other part of
the excitation beam as shown in the Figure 7.2. The non-linear imaging beats the
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diffraction limit and provides super-resolution. Using the conveyor belt the cold atom
cloud can be moved near a dipole trap focused by the integrated micro-optics and we
can selectively excite few atoms in the cloud for probing and manipulation.
7.2.4 Some other ideas
1) Our experimental setup could be further generalized for experiments towards a
scalable configuration for quantum computation with atomic qubits. Multiple fibres
could be used to prepare individual dipole traps, and in front of each fibre a single atoms
could be trapped. Using multiple conveyor wires we can selectively load different dipole
traps. Site specific and state selective excitation could be done, by mixing excitation
beam with the dipole trap beams through the same fibre. This would be a minaturized
version of the work done by Dumke et al. [20] for quantum computation experiments.
The idea is illustrated in the Figure 7.3.
2) Another extension of our work could be to use this two-photon transition in Rb
and generate time correlated and entangled photon pairs, important for the applications
in quantum information and communication [102, 119]. The photon pairs generated
from the two step cascade decay from the 4D5/2 to 5P3/2 at wavelength 1.5 µm and
from 5P3/2 to 5S1/2 at 780 nm should be correlated in time as shown in the Figure 7.4.
Optical fibres (with trapping beam)
Optical fibres (without trapping beam)Optical fibres (with trapping beam)
Optical fibres (with trapping beam)
Figure 7.3: Multiple fibre based quantum computation device. Each fibre could be
used for dipole trapping as well as used for the detection and excitation by mixing




The top photon of the cascade (1.5 µm) is suitable for the long distance quantum
communication where as the bottom photon of the cascade (780 nm) can be used for
mapping long lived quantum memory [120]. A single laser can be employed to excite
the 5S1/2 to 4D5/2 transition for two-photon excitation, instead of two different lasers
required for the ladder excitation. All the laser wavelengths are far away from each
other, so, the emitted photons would be easily separable from each other using optical
filters as well as from the two-photon excitation light. This will also help to considerably










Figure 7.4: The photon pairs generated by the two-photon excitation (1033 nm)of Rb




Atom loss due to transfer and
transport processes
The atom loss for our proposed experiment is not critical, but it is good idea to inves-
tigate the reason. In order to do that, first we show the atom loss in various transfer
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Figure A.1: The summary of the experimental stages.
For the chip U-MOT to Z-MT more than 40% transfer efficiency is quite expected
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due to trap mode-mismatch .
For the Z-MT to dimple transfer the efficiency is slightly above 50%. For CB3 to
CB2 atom transport efficiency is also around 50% and similar for other transports like
CB2 to CB1 and so on. We measure the trap depth in order to verify the atom loss my
measuring the trap depth. For the trap depth measurement, we use a small coil of 10
turns and a diameter of 40 mm, to send the Radio Frequency (RF) to interact with the
trapped atom. The RF induces spin flips (∆mF = ±1) that transfer the atoms from the
trapped states to the untrapped states. This technique couples different mF states by
a RF-transition which is in the MHz range. The RF frequency is scanned from higher
frequency (15 MHz) to lower by a function generator and the RF power is amplified by
a two Watt amplifier. The RF frequency is lowered till most of the atoms are out of
the trap. By decreasing further the RF frequency, it doesn’t interact with the atoms
at (F=2, mF = 2) and there is no transfer of the atoms from the trapped states to the
untrapped states. The loss of atoms from the trap dependent on the RF power and the
ineraction time. For a single RF frequency, more than 10 measurements are taken to
measure the atom number loss, and the mean atom number is plotted. The atom loss
with RF scan is measure for the magnetic trap, Dimple trap at conveyor wire CB3, and
after transport at CB2 from CB3 as well as using the data the temperature profile of
the cloud is also plotted and shown in the Figure A.2.
Quantum mechanically, for the Zeeman energy levels of a neutral atom the total
angular momentum is ~F and the corresponding magnetic moment is ~µ = −µBgF ~F and
thus the interaction potential is,
E(F,mF ) = −~µ · ~B(~r) = µB gF ~F · ~B(~r) = µB gF mF B ≡ µBB (A.1)
where, µB is the Bohr magneton, gF is the Lande´ g-factor, mF is the magnetic quantum
number related to the projection of ~F along the direction of magnetic field ~B.
The above equation shows that the potential that an atom experience, will be






The temperature measured by the time-of-flight and trap depth measured by RF
knife for the Z-wire magnetic trap, the CB3 dimple trap and the conveyor wire magnetic
trap at CB2 is tabulated in the Table A.1
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Figure A.2: In this Figure the trap depth measurement is provided for the magnetic
trap, CB3 dimple trap and conveyor wire magnetic trap at CB2 at Figure (a), (c), and
(e) respectively. The result is then interpreted in terms of temperature, which gives
the temperature profile of the cold atom ensemble as shown in Figure (b), (d), and (f).
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Table A.1: Temperature of the atoms and trap depth at Z-MT, CB3 and CB2 wires’
magnetic trap.
For the case of magnetic trap to dimple trap at CB3, from the measurement, we
can conclude the trap depth is sufficient to capture all the atoms from the MT to CB3,
however, the mode-mismatch of the two different traps is the reason for atom loss. For
the atom loss during the conveyor belt transport, the atom loss is mostly governed
by the trap lifetime during the transport. The total transfer time from CB3 to CB4
is around 750 ms and life time of the CB traps are around 1.5 s. The temperature
measured and tabulated in the Table A.1 shows that the atoms are heated up during
this two-conveyor wire transfer process.
We have done a theoretical calculation for the optimized transportation of the atoms
using three conveyor wires, instead of two as reported above. The calculation is briefly
described below.
A.1 Optimization of the conveyor wire transfer
In order to transport the atoms adiabatically along the conveyor wires the trapping
frequencies must remain the same at all positions along the transport direction. For
an optimized conveyor belt transportation, we do an one dimensional calculation. In
this calculation, we assume that the transverse and longitudinal trapping frequencies
are independent. We can safely consider this approximation, when the principal axes
of the trap are aligned with the trapping wires. Let us consider the situation shown
in Figure A.3 where atoms are held by a guide wire, carrying a current Iw, along the
x-axis. A 2-D quadrupole trap or guide is formed when the Ioffe field BIoffe is applied



















Figure A.3: The transportation of atoms using the conveyor wires, we consider that
a guide wire is carrying a current Iw, and the Conveyor Belt (CB) wires with currents
I1, I2, and I3. The transport wires are separated a distance L from each other. The
magnetic fields generated from these wires are counteracted by the external magnetic
fields BBias and BIoffe.
The cold atoms can be trapped along the guide in a Ioffe-Pritchard trap formed by
running currents (Ik, k = 1, 2, 3) through the CB wires perpendicular to the guide wire
along with the applied bias field BBias. We assume that the trap minimum y0 remains
unaffected by the currents Ik through CB wires. Then the total magnetic field along
the guide centre can be written as,
Bx = BBias − µ0I1
2pi
h








h2 + (x− L)2 ,
where L is the separation between the wires, and h the distance from the wires to the
trap minimum as illustrated in Fig. A.3. For the adiabatic transportation, the following
three conditions should be satisfied:
(i) The current configuration provide a single minimum for Bx at any position between
−L/2 and +L/2,
(ii) The magnetic field minimum should remain constant, which ensures a constant
transverse trap frequency, and
(iii) The axial curvature also remain constant to keep the axial trap frequency constant.
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A.1 Optimization of the conveyor wire transfer
h = L(a) h=2L
I2
I3
-L/2 -L/4 L/4 L/2
I1
-L/2 -L/4 L/4 L/2
1 1
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Figure A.4: In (a) and (b) we plot the currents I1 (dashed line), I2 (solid line), and
I3 (dotted line). The trap position is moved from −L/2 to L/2. At position −L/2 the
currents are normalised to I1 = I2 = 1. The thin (blue) line is the total current divided
by two. (a) We plot the currents for h = 2L. The total amount of current in the three
wires is almost constant. (b) Now, we plot the currents for h = L. When the trap
minimum is closer to the CB wires, we need more total current to maintain a constant
axial trap frequency. (c) The current waveforms provided by several wires separated
by a distance L have been stitched together to provide a longer transport distance.
These three conditions allow us to solve for the three (unknown) currents through
the CB wires.
The equations are given by,
∂xBx(x)|x=x0 = 0 (A.3)
Bx(x0) = B0 < BBias (A.4)
∂xxBx|x=x0 = C, (A.5)
where B0 is the wanted trap bottom, and C is the desired field curvature.
Solving these three equations we get the three currents required for 3 conveyor
wires, I1, I2 and I3. The currents are function of the height h, Ik(h), where, k = 1, 2, 3.
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Here we use the realistic parameters from our atom chip experiment, i.e. L =
800µm, Iw = 0.9A, Ik = 0 − 1.5A and h  y0 and the current plots are shown in
Figure A.4 for a transport process. It is shown in Figure A.4 that how change in height
h changes the current wave forms through the CB wires.
Using the current waveforms generated by this calculation, we have performed ex-
periments demonstrating minimized atom loss as well as drastic reduction in heating
in comparison with the two wire conveyor belt transfer.
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Appendix B
Images of atoms during various
trapping and transport processes
The images of the cold atoms in various traps, e.g., magneto-optical trap, magnetic
trap is provided below which are taken by PIXIS camera after 3 ms time of flight as
shown in Figure B.1.
During the transport process atoms are moved over a distance of 2.41 mm. Here,
in the Figure B.2 we show the in-situ images of atoms during transport process.
131








Figure B.1: (a) The under U-MOT is formed by an under U-wire and a bias field.
(b) Combined MOT, where, the under U-wire is gradually replaced by the chip U-wire.
(c) The chip U-MOT is formed by the chip U-wire. The under U-wire is turned off.
(d) Pure magnetic trap, using the chip Z-wire.






Figure B.2: (a) The atoms are trapped in a magnetic trap using the conveyor wire
CB3.
(b) The atoms are transported to wire CB2 and trapped in a magnetic trap using the
CB2 wire.
(c) The atoms are transported to wire CB1 wire from the CB2 wire. The atoms are
trapped in a magnetic trap using the CB1 wire.
(d) The atoms are transported from the CB1 to the CB4 wire, and brought close to
the tapered lensed fibre.
All the images are taken in-situ by fluorescence imaging using the ProEM camera.
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Appendix C
Generation of the error signal to
lock the two-photon laser
The error signal of the 87Rb, F=2 to F′=4, 3, 2, 1 two-photon transitions are obtained by
Frequency Modulation (FM) fluorescence spectroscopy as shown in the the Figure C.1


































Rubidium 87, F=2 to F'= 4
F'=4
Figure C.1: (a) The error signal of the 87Rb, F=2 to F′=4, 3, 2, 1 transitions. (b) The
zoomed-in error signal of the 87Rb, F=2 to F′=4 transition.
135
References
[1] J. D. Weinstein and K. G. Libbrecht. Microscopic magnetic traps for neutral
atoms. Phys. Rev. A, 52:4004–4009, Nov 1995.
[2] J. Schmiedmayer. Guiding and trapping a neutral atom on a wire. Phys. Rev.
A, 52:R13–R16, Jul 1995.
[3] A. Haase, D. Cassettari, B. Hessmo, and J. Schmiedmayer. Trapping neutral
atoms with a wire. Phys. Rev. A, 64:043405, Sep 2001.
[4] J. Forta´gh, A. Grossmann, C. Zimmermann, and T. W. Ha¨nsch. Miniaturized
Wire Trap for Neutral Atoms. Phys. Rev. Lett., 81:5310–5313, Dec 1998.
[5] J. Denschlag, D. Cassettari, and J. Schmiedmayer. Guiding Neutral Atoms
with a Wire. Phys. Rev. Lett., 82:2014–2017, Mar 1999.
[6] V. Vuletic, T. Fischer, M. Praeger, T. W. Ha¨nsch, and C. Zimmermann. Mi-
croscopic Magnetic Quadrupole Trap for Neutral Atoms with Extreme Adia-
batic Compression. Phys. Rev. Lett., 80:1634–1637, Feb 1998.
[7] T. M. Roach, H. Abele, M. G. Boshier, H. L. Grossman, K. P. Zetie, and
E. A. Hinds. Realization of a Magnetic Mirror for Cold Atoms. Phys. Rev. Lett.,
75:629–632, Jul 1995.
[8] A. I. Sidorov, R. J. McLean, W. J. Rowlands, D. C. Lau, J. E. Murphy,
M. Walkiewicz, G. I. Opat, and P. Hannaford. Specular reflection of cold
caesium atoms from a magnetostatic mirror. Quantum and Semiclassical Optics:
Journal of the European Optical Society Part B, 8(3):713, 1996.
[9] I. G. Hughes, P. A. Barton, T. M. Roach, M. G. Boshier, and E. A. Hinds.
Atom optics with magnetic surfaces: I. Storage of cold atoms in a curved
‘floppy disk’. Journal of Physics B: Atomic, Molecular and Optical Physics, 30(3):647,
1997.
[10] C. V. Saba, P. A. Barton, M. G. Boshier, I. G. Hughes, P. Rosenbusch, B. E.
Sauer, and E. A. Hinds. Reconstruction of a Cold Atom Cloud by Magnetic
Focusing. Phys. Rev. Lett., 82:468–471, Jan 1999.
136
REFERENCES
[11] J. Reichel, W. Ha¨nsel, and T. W. Ha¨nsch. Atomic Micromanipulation with
Magnetic Surface Traps. Phys. Rev. Lett., 83:3398–3401, Oct 1999.
[12] R. Folman, P. Kru¨ger, D. Cassettari, B. Hessmo, T. Maier, and J. Schmied-
mayer. Controlling Cold Atoms using Nanofabricated Surfaces: Atom Chips.
Phys. Rev. Lett., 84:4749–4752, May 2000.
[13] J. Rushton, M. Aldous, and M. Himsworth. The Feasibility of a Fully Minia-
turized Magneto-Optical Trap for Portable Ultracold Quantum Technology.
arXiv preprint arXiv:1405.3148, 2014.
[14] D. Cassettari, B. Hessmo, R. Folman, T. Maier, and J. Schmiedmayer. Beam
Splitter for Guided Atoms. Phys. Rev. Lett., 85:5483–5487, Dec 2000.
[15] D. Mu¨ller, E. A. Cornell, M. Prevedelli, P. D. Schwindt, A. Zozulya, and
D. Z. Anderson. Waveguide atom beam splitter for laser-cooled neutral atoms.
Opt. Lett., 25(18):1382–1384, Sep 2000.
[16] T. Schumm, S. Hofferberth, L. M. Andersson, S. Wildermuth, S. Groth,
I. Bar-Joseph, J. Schmiedmayer, and P. Kru¨ger. Matter-wave interferometry
in a double well on an atom chip. Nature Physics, 1(1):57–62, 2005.
[17] W. Ha¨nsel, J. Reichel, P. Hommelhoff, and T. W. Ha¨nsch. Magnetic Con-
veyor Belt for Transporting and Merging Trapped Atom Clouds. Phys. Rev.
Lett., 86:608–611, Jan 2001.
[18] P. Hommelhoff, W. Ha¨nsel, T. Steinmetz, T. W. Ha¨nsch, and J. Reichel.
Transporting, splitting and merging of atomic ensembles in a chip trap. New
Journal of Physics, 7(1):3, 2005.
[19] M. Gierling, P. Schneeweiss, G. Visanescu, P. Federsel, M. Ha¨ffner, D. P.
Kern, T. E. Judd, A. Gu¨nther, and J. Forta´gh. Cold-atom scanning probe
microscopy. Nature nanotechnology, 6(7):446–451, 2011.
[20] R. Dumke, M. Volk, T. Mu¨ther, F. B. J. Buchkremer, G. Birkl, and W. Ert-
mer. Micro-optical Realization of Arrays of Selectively Addressable Dipole
Traps: A Scalable Configuration for Quantum Computation with Atomic
Qubits. Phys. Rev. Lett., 89:097903, Aug 2002.
[21] M. K. Tey, Z. Chen, S. A. Aljunid, B. Chng, F. Huber, G. Maslennikov, and
C. Kurtsiefer. Strong interaction between light and a single trapped atom
without the need for a cavity. Nature Physics, 4(12):924–927, 2008.
[22] I. Teper, Y. J. Lin, and V. Vuletic´. Resonator-Aided Single-Atom Detection
on a Microfabricated Chip. Phys. Rev. Lett., 97:023002, Jul 2006.
137
REFERENCES
[23] M. Trupke, J. Goldwin, B. Darquie´, G. Dutier, S. Eriksson, J. Ashmore, and
E. A. Hinds. Atom Detection and Photon Production in a Scalable, Open,
Optical Microcavity. Phys. Rev. Lett., 99:063601, Aug 2007.
[24] X. Liu, K. H. Brenner, M. Wilzbach, M. Schwarz, T. Fernholz, and
J. Schmiedmayer. Fabrication of alignment structures for a fiber resonator
by use of deep-ultraviolet lithography. Appl. Opt., 44(32):6857–6860, Nov 2005.
[25] T. Steinmetz, Y. Colombe, D. Hunger, T. W. Ha¨nsch, A. Balocchi, R. J.
Warburton, and J. Reichel. Stable fiber-based Fabry-Pe`rot cavity. Applied
Physics Letters, 89(11):–, 2006.
[26] Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, D. Hunger, and J. Reichel.
Strong atom–field coupling for Bose–Einstein condensates in an optical cavity
on a chip. Nature, 450(7167):272–276, 2007.
[27] P. Quinto-Su, M. Tscherneck, M. Holmes, and N. Bigelow. On-chip optical
detection of laser cooled atoms. Opt. Express, 12(21):5098–5103, Oct 2004.
[28] D. Heine, M. Wilzbach, T. Raub, B. Hessmo, and J. Schmiedmayer. Integrated
atom detector: Single atoms and photon statistics. Phys. Rev. A, 79:021804, Feb
2009.
[29] D. Heine, W. Rohringer, D. Fischer, M. Wilzbach, T. Raub, S. Loziczky,
X. Liu, S. Groth, B. Hessmo, and J. Schmiedmayer. A single-atom detector
integrated on an atom chip: fabrication, characterization and application. New
Journal of Physics, 12(9):095005, 2010.
[30] M. Pappa, P. C. Condylis, G. O. Konstantinidis, V. Bolpasi, A. Lazoudis,
V. Morizot, D . Sahagun, M. Baker, and W. von Klitzing. Ultra-sensitive
atom imaging for matter-wave optics. New Journal of Physics, 13(11):115012, 2011.
[31] S. Kuhr, W. Alt, D. Schrader, M. Mller, V. Gomer, and D. Meschede. De-
terministic Delivery of a Single Atom. Science, 293(5528):278–280, 2001.
[32] M. Weber, J. Volz, K. Saucke, C. Kurtsiefer, and H. Weinfurter. Analysis
of a single-atom dipole trap. Phys. Rev. A, 73:043406, Apr 2006.
[33] S. W. Hell and J. Wichmann. Breaking the diffraction resolution limit by
stimulated emission: stimulated-emission-depletion fluorescence microscopy.
Opt. Lett., 19(11):780–782, Jun 1994.
[34] W. D. Phillips, J. V. Prodan, and H. J. Metcalf. Neutral atomic beam cooling
experiments at NBS. Progress in Quantum Electronics, 8(34):119 – 127, 1984.
138
REFERENCES
[35] S. Chu and C. Wieman. Laser Cooling and Trapping of Atoms: Introduction.
J. Opt. Soc. Am. B, 6(11):2020–2022, Nov 1989.
[36] H. Metcalf and P. van der Straten. Cooling and trapping of neutral atoms.
Physics Reports, 244(45):203 – 286, 1994.
[37] C.S. Adams and E. Riis. Laser cooling and trapping of neutral atoms. Progress
in Quantum Electronics, 21(1):1 – 79, 1997.
[38] W. D. Phillips. Nobel Lecture: Laser cooling and trapping of neutral atoms.
Rev. Mod. Phys., 70:721–741, Jul 1998.
[39] H. J. Metcalf and P. Van der Straten. Laser cooling and trapping. Springer
Science & Business Media, 1999.
[40] C. J. Pethick and H. Smith. Bose-Einstein condensation in dilute gases. Cambridge
university press, 2002.
[41] C. J. Foot. Atomic physics. Oxford University Press, 2004.
[42] D.A. Steck. Rubidium 87 D line data, 2001.
[43] C. C. Tannoudji, C. Dupont-Roc, and J. Grynberg. Atom Photon Interactions:
Basic Processes and Applications. Wiley, 1992.
[44] S. Chu, L. Hollberg, J. E. Bjorkholm, A. Cable, and A. Ashkin. Three-
dimensional viscous confinement and cooling of atoms by resonance radiation
pressure. Phys. Rev. Lett., 55:48–51, Jul 1985.
[45] P. D. Lett, R. N. Watts, C. I. Westbrook, W. D. Phillips, P. L. Gould, and
H.J. Metcalf. Observation of Atoms Laser Cooled below the Doppler Limit.
Phys. Rev. Lett., 61:169–172, Jul 1988.
[46] J. Dalibard and C. Cohen-Tannoudji. Laser cooling below the Doppler limit
by polarization gradients: simple theoretical models. J. Opt. Soc. Am. B,
6(11):2023–2045, Nov 1989.
[47] P. J. Ungar, D. S. Weiss, E. Riis, and S. Chu. Optical molasses and multilevel
atoms: theory. J. Opt. Soc. Am. B, 6(11):2058–2071, Nov 1989.
[48] S. Du. Atom-chip Bose-Einstein condensation in a portable vacuum cell. PhD thesis,
University of Colorado, 2005.
[49] E. L. Raab, M. Prentiss, A. Cable, S. Chu, and D. E. Pritchard. Trapping of




[50] A. M. Steane, M. Chowdhury, and C. J. Foot. Radiation force in the magneto-
optical trap. J. Opt. Soc. Am. B, 9(12):2142–2158, Dec 1992.
[51] C. J. Cooper, G. Hillenbrand, J. Rink, C. G. Townsend, K. Zetie, and C. J.
Foot. The Temperature of Atoms in a Magneto-optical Trap. EPL (Europhysics
Letters), 28(6):397, 1994.
[52] W. Petrich, M. H. Anderson, J. R. Ensher, and E. A. Cornell. Behavior of
atoms in a compressed magneto-optical trap. J. Opt. Soc. Am. B, 11(8):1332–1335,
Aug 1994.
[53] C. G. Townsend, N. H. Edwards, C. J. Cooper, K. P. Zetie, C. J. Foot, A. M.
Steane, P. Szriftgiser, H. Perrin, and J. Dalibard. Phase-space density in
the magneto-optical trap. Phys. Rev. A, 52:1423–1440, Aug 1995.
[54] A. S. Arnold and P. J. Manson. Atomic density and temperature distributions
in magneto-optical traps. J. Opt. Soc. Am. B, 17(4):497–506, Apr 2000.
[55] R. Grimm, M. Weidemu¨ller, and Y. B. Ovchinnikov. Optical Dipole Traps for
Neutral Atoms. Advances In Atomic, Molecular, and Optical Physics, 42:95 – 170,
2000.
[56] A. Ashkin. Trapping of Atoms by Resonance Radiation Pressure. Phys. Rev.
Lett., 40:729–732, Mar 1978.
[57] S. Chu, J. E. Bjorkholm, A. Ashkin, and A. Cable. Experimental Observation
of Optically Trapped Atoms. Phys. Rev. Lett., 57:314–317, Jul 1986.
[58] N. Davidson, H. J. Lee, C. S. Adams, M. Kasevich, and S. Chu. Long Atomic
Coherence Times in an Optical Dipole Trap. Phys. Rev. Lett., 74:1311–1314, Feb
1995.
[59] J. Reichel, W. Ha¨nsel, P. Hommelhoff, and T.W. Ha¨nsch. Applications of
integrated magnetic microtraps. Applied Physics B, 72(1):81–89, 2001.
[60] R. Folman, P. Krger, J. Schmiedmayer, J. Denschlag, and C. Henkel. Mi-
croscopic Atom Optics: From Wires to an Atom Chip. Advances In Atomic,
Molecular, and Optical Physics, 48:263 – 356, 2002.
[61] J. Reichel. Microchip traps and BoseEinstein condensation. Applied Physics B,
74(6):469–487, 2002.
[62] J. Forta´gh and C. Zimmermann. Magnetic microtraps for ultracold atoms.
Rev. Mod. Phys., 79:235–289, Feb 2007.
[63] J. Reichel and V. Vuletic. Atom Chips. John Wiley & Sons, 2011.
140
REFERENCES
[64] C. D. J. Sinclair, E. A. Curtis, I. L. Garcia, J. A. Retter, B. V. Hall,
S. Eriksson, B. E. Sauer, and E. A. Hinds. Bose-Einstein condensation on
a permanent-magnet atom chip. Phys. Rev. A, 72:031603, Sep 2005.
[65] B. V. Hall, S. Whitlock, F. Scharnberg, P. Hannaford, and A. Sidorov. A
permanent magnetic film atom chip for BoseEinstein condensation. Journal of
Physics B: Atomic, Molecular and Optical Physics, 39(1):27, 2006.
[66] T. Fernholz, R. Gerritsma, S. Whitlock, I. Barb, and R. J. C. Spreeuw.
Fully permanent magnet atom chip for Bose-Einstein condensation. Phys. Rev.
A, 77:033409, Mar 2008.
[67] R. Gerritsma, S. Whitlock, T. Fernholz, H. Schlatter, J. A. Luigjes, J.U.
Thiele, J. B. Goedkoop, and R. J. C. Spreeuw. Lattice of microtraps for
ultracold atoms based on patterned magnetic films. Phys. Rev. A, 76:033408, Sep
2007.
[68] P. Kru¨ger, X. Luo, M. W. Klein, K. Brugger, A. Haase, S. Wildermuth,
S. Groth, I. Bar-Joseph, R. Folman, and J. Schmiedmayer. Trapping and Ma-
nipulating Neutral Atoms with Electrostatic Fields. Phys. Rev. Lett., 91:233201,
Dec 2003.
[69] T. Kishimoto, H. Hachisu, J. Fujiki, K. Nagato, M. Yasuda, and H. Katori.
Electrodynamic Trapping of Spinless Neutral Atoms with an Atom Chip. Phys.
Rev. Lett., 96:123001, Mar 2006.
[70] T. Nirrengarten, A. Qarry, C. Roux, A. Emmert, G. Nogues, M. Brune, J.M.
Raimond, and S. Haroche. Realization of a Superconducting Atom Chip. Phys.
Rev. Lett., 97:200405, Nov 2006.
[71] T. Mukai, C. Hufnagel, A. Kasper, T. Meno, A. Tsukada, K. Semba, and
F. Shimizu. Persistent Supercurrent Atom Chip. Phys. Rev. Lett., 98:260407, Jun
2007.
[72] Y. J. Wang, D. Z. Anderson, V. M. Bright, E. A. Cornell, Q. Diot, T. Kishi-
moto, M. Prentiss, R. A. Saravanan, S. R. Segal, and S. Wu. Atom Michelson
Interferometer on a Chip Using a Bose-Einstein Condensate. Phys. Rev. Lett.,
94:090405, Mar 2005.
[73] W. H. Wing. On neutral particle trapping in quasistatic electromagnetic fields.
Progress in Quantum Electronics, 8(34):181 – 199, 1984.
[74] W. Ketterle and D.E. Pritchard. Trapping and focusing ground state atoms
with static fields. Applied Physics B, 54(5):403–406, 1992.
141
REFERENCES
[75] E. Majorana. Atomi orientati in campo magnetico variabile. Il Nuovo Cimento,
9(2):43–50, 1932.
[76] K. B. Davis, M.O. Mewes, M. A. Joffe, M. R. Andrews, and W. Ketterle.
Evaporative Cooling of Sodium Atoms. Phys. Rev. Lett., 74:5202–5205, Jun 1995.
[77] W. Petrich, M. H. Anderson, J. R. Ensher, and E. A. Cornell. Stable, Tightly
Confining Magnetic Trap for Evaporative Cooling of Neutral Atoms. Phys. Rev.
Lett., 74:3352–3355, Apr 1995.
[78] T. Bergeman, G. Erez, and H. J. Metcalf. Magnetostatic trapping fields for
neutral atoms. Phys. Rev. A, 35:1535–1546, Feb 1987.
[79] J. Forta´gh, H. Ott, S. Kraft, A. Gu¨nther, and C. Zimmermann. Surface
effects in magnetic microtraps. Phys. Rev. A, 66:041604, Oct 2002.
[80] A. E. Leanhardt, Y. Shin, A. P. Chikkatur, D. Kielpinski, W. Ketterle, and
D. E. Pritchard. Bose-Einstein Condensates near a Microfabricated Surface.
Phys. Rev. Lett., 90:100404, Mar 2003.
[81] B. Hessmo. Quantum optics in constrained geometries. Acta Universitatis Upsaliensis,
2000.
[82] H. M. J. M. Boesten, C. C. Tsai, J. R. Gardner, D. J. Heinzen, and B. J.
Verhaar. Observation of a shape resonance in the collision of two cold 87Rb
atoms. Phys. Rev. A, 55:636–640, Jan 1997.
[83] C. E. Wieman and L. Hollberg. Using diode lasers for atomic physics. Review
of Scientific Instruments, 62(1):1–20, 1991.
[84] G. C. Bjorklund. Frequency-modulation spectroscopy: a new method for
measuring weak absorptions and dispersions. Optics Letters, 5(1):15–17, Jan 1980.
[85] J. L. Hall, L. Hollberg, T. Baer, and H. G. Robinson. Optical heterodyne
saturation spectroscopy. Applied Physics Letters, 39(9):680–682, 1981.
[86] D. W. Preston. Doppler-free saturated absorption: Laser spectroscopy. Amer-
ican Journal of Physics, 64(11):1432–1436, 1996.
[87] J. M. Kohel, J. R. Serrano, R. J. Thompson, L. Maleki, J. L. Bliss, and
K. G. Libbrecht. Generation of an intense cold-atom beam from a pyra-
midal magneto-optical trap: experiment and simulation. J. Opt. Soc. Am. B,
20(6):1161–1168, Jun 2003.
[88] J. Schoser, A. Bata¨r, R. Lo¨w, V. Schweikhard, A. Grabowski, Y. B. Ovchin-
nikov, and T. Pfau. Intense source of cold Rb atoms from a pure two-
dimensional magneto-optical trap. Phys. Rev. A, 66:023410, Aug 2002.
142
REFERENCES
[89] F. Mogensen, H. Olesen, and G. Jacobsen. Locking conditions and stability
properties for a semiconductor laser with external light injection. Quantum
Electronics, IEEE Journal of, 21(7):784–793, Jul 1985.
[90] J. Este`ve, C. Aussibal, T. Schumm, C. Figl, D. Mailly, I. Bouchoule, C. I.
Westbrook, and A. Aspect. Role of wire imperfections in micromagnetic
traps for atoms. Phys. Rev. A, 70:043629, Oct 2004.
[91] M. Drndic´, K. S. Johnson, J. H. Thywissen, M. Prentiss, and R. M. West-
ervelt. Micro-electromagnets for atom manipulation. Applied Physics Letters,
72(22):2906–2908, 1998.
[92] J. Forta´gh, H. Ott, G. Schlotterbeck, C. Zimmermann, B. Herzog, and
D. Wharam. Microelectromagnets for trapping and manipulating ultracold
atomic quantum gases. Applied Physics Letters, 81(6):1146–1148, 2002.
[93] B. Lev. Fabrication of micro-magnetic traps for cold neutral atoms. Quantum
Information & Computation, 3(5):450–464, 2003.
[94] Y. Lin, I. Teper, C. Chin, and V. Vuletic´. Impact of the Casimir-Polder Poten-
tial and Johnson Noise on Bose-Einstein Condensate Stability Near Surfaces.
Phys. Rev. Lett., 92:050404, Feb 2004.
[95] S. Groth, P. Kru¨ger, S. Wildermuth, R. Folman, T. Fernholz, J. Schmied-
mayer, D. Mahalu, and I. Bar-Joseph. Atom chips: Fabrication and thermal
properties. Applied Physics Letters, 85(14):2980–2982, 2004.
[96] E. Koukharenko, Z. Moktadir, M. Kraft, M. E. Abdelsalam, D. M. Bagnall,
C. Vale, M. P. A. Jones, and E. A. Hinds. Microfabrication of gold wires for
atom guides. Sensors and Actuators A: Physical, 115(23):600 – 607, 2004. The 17th
European Conference on Solid-State Transducers.
[97] R. Long, T. Rom, W. Ha¨nsel, T. W. Ha¨nsch, and J. Reichel. Long distance
magnetic conveyor for precise positioning of ultracold atoms. Eur. Phys. J. D,
35(1):125–133, 2005.
[98] A. Gu¨nther, M. Kemmler, S. Kraft, C. J. Vale, C. Zimmermann, and
J. Forta´gh. Combined chips for atom optics. Phys. Rev. A, 71:063619, Jun 2005.
[99] L. Della Pietra, S. Aigner, C. V. Hagen, S. Groth, I. Bar-Joseph, H. J.
Lezec, and J. Schmiedmayer. Designing potentials by sculpturing wires. Phys.
Rev. A, 75:063604, Jun 2007.
[100] E. R. I. Abraham and E. A. Cornell. Teflon feedthrough for coupling optical
fibers into ultrahigh vacuum systems. Appl. Opt., 37(10):1762–1763, Apr 1998.
143
REFERENCES
[101] W. R. Smythe. Static and Dynamic Electricity. McGraw-Hill, New York, 1950.
[102] G. K. Gulati, B. Srivathsan, B. Chng, A. Cere`, D. Matsukevich, and C. Kurt-
siefer. Generation of an exponentially rising single-photon field from para-
metric conversion in atoms. Phys. Rev. A, 90:033819, Sep 2014.
[103] G. K. Gulati. Narrowband Photon Pairs From A Cold Atomic Vapour For Interfacing
With A Single Atom. PhD thesis, National University of Singapore, 2014.
[104] I. D. Abella. Optical Double-Photon Absorption in Cesium Vapor. Phys. Rev.
Lett., 9:453–455, Dec 1962.
[105] L.S. Vasilenko, V.P. Chebotaev, and A.V. Shishaev. Line shape of two-photon
absorption in a standing-wave field in a gas. ZhETF Pisma Redaktsiiu, 12:161, 1970.
[106] B. Cagnac, G. Grynberg, and F. Biraben. Spectroscopie d’absorption multi-
photonique sans effet Doppler. Journal de Physique, 34(10):845–858, 1973.
[107] G. Grynberg and B. Cagnac. Doppler-free multiphotonic spectroscopy. Reports
on Progress in Physics, 40(7):791, 1977.
[108] F. Nez, F. Biraben, R. Felder, and Y. Millerioux. Optical frequency determi-
nation of the hyperfine components of the 5S1/2-5D3/2 two-photon transitions
in rubidium. Optics communications, 102(5):432–438, 1993.
[109] R. E. Ryan, L. A. Westling, and H. J. Metcalf. Two-photon spectroscopy in
rubidium with a diode laser. J. Opt. Soc. Am. B, 10(9):1643–1648, Sep 1993.
[110] M. S. Ko and Y. W. Liu. Observation of rubidium 5S1/2 → 7S1/2 two-photon
transitions with a diode laser. Opt. Lett., 29(15):1799–1801, Aug 2004.
[111] H. C. Chui, M. S. Ko, Y. W. Liu, J. T. Shy, J. L. Peng, and H. Ahn. Abso-
lute frequency measurement of rubidium 5S-7S two-photon transitions with
a femtosecond laser comb. Opt. Lett., 30(8):842–844, Apr 2005.
[112] W. K. Lee, H. S. Moon, and H. S. Suh. Measurement of the absolute energy
level and hyperfine structure of the 87Rb 4D5/2 state. Opt. Lett., 32(19):2810–2812,
Oct 2007.
[113] J. Wang, H. Liu, G. Yang, B. Yang, and J. Wang. Determination of the
hyperfine structure constants of the 87Rb and 85Rb 4D5/2 state and the isotope
hyperfine anomaly. Phys. Rev. A, 90:052505, Nov 2014.
[114] Z. Wei, B. Zhou, C. Xu, X. Zhong, Y. Zhang, Y. Zou, and Z. Zhang. All Solid-
State Passively Mode-Locked Ultrafast Lasers Based on Nd, Yb, and Cr Doped Media.
INTECH Open Access Publisher, 2012.
144
REFERENCES
[115] A. J. Olson, E. J. Carlson, and S. K. Mayer. Two-photon spectroscopy of
rubidium using a grating-feedback diode laser. American Journal of Physics,
74(3):218–223, 2006.
[116] Won-Kyu Lee and Han Seb Moon. Measurement of absolute frequencies and
hyperfine structure constants of 4D5/2 and 4D3/2 levels of
87Rb and 85Rb using
an optical frequency comb. Phys. Rev. A, 92:012501, Jul 2015.
[117] H. Ohadi, M. Himsworth, A. Xuereb, and T. Freegarde. Magneto-optical
trapping and background-free imaging for atoms near nanostructured sur-
faces. Opt. Express, 17(25):23003–23009, Dec 2009.
[118] T. A. Klar and S. W. Hell. Subdiffraction resolution in far-field fluorescence
microscopy. Opt. Lett., 24(14):954–956, Jul 1999.
[119] B. Srivathsan, G. K. Gulati, B. Chng, G. Maslennikov, D. Matsukevich, and
C. Kurtsiefer. Narrow Band Source of Transform-Limited Photon Pairs via
Four-Wave Mixing in a Cold Atomic Ensemble. Phys. Rev. Lett., 111:123602, Sep
2013.
[120] T. Chanelie`re, D. N. Matsukevich, S. D. Jenkins, T. A. B. Kennedy, M. S.
Chapman, and A. Kuzmich. Quantum Telecommunication Based on Atomic
Cascade Transitions. Phys. Rev. Lett., 96:093604, Mar 2006.
145
